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Foreword

This report describes, in a comprehensive and coherent fashion, all identified internal
processes of importance for the post-closure evolution and safety of a KBS-3 repository
for spent nuclear fuel.

The report has been written to be used in the SR 97 project, which has limited the time
available for its preparation. Differences in the level of detail in descriptions of different
processes do not always reflect differences in the significance of the processes. Discus-
sions of different types of uncertainties could in many cases be broadened and deep-
ened, and the stylistic quality could sometimes be improved.

Like other background material for the safety assessments, the process report is also
expected to require revision as site-specific conditions are progressively clarified.

Today’s version of the process report is therefore the first version of a report that will be
revised prior to every safety report. The intention is to perform the first revision of the
report after scrutiny of SR 97. The material will then also be linked to SKB’s FEP
database.

Many authors inside and outside SKB have contributed to this version:

Processes in fuel and canister: Lars Werme, SKB

Processes in buffer/backfill: Harald Hökmark, Clay Technology (thermal processes);
Lennart Börgesson, Clay Technology (hydraulic and mechanical processes); Ola
Karnland, Clay Technology (chemical processes) and Patrik Sellin, SKB (radionuclide
transport). Roland Pusch, Geodevelopment AB, has also contributed to the buffer
section.

Processes in the geosphere: Harald Hökmark, Clay Technology (T, M); Ingvar Rhén,
VBB Viak (H); Peter Wikberg and Jan-Olof Selroos, SKB (C and radionuclide trans-
port, respectively).

Furthermore, Karsten Pedersen of the Department of General and Marine Microbiol-
ogy at Göteborg University has contributed material on bacterial processes in buffer
and geosphere.

The material has been discussed with the authors in a group consisting of Johan
Andersson, Golder Grundteknik, Patrik Sellin, SKB (processes in fuel, canister and
buffer/backfill), Jan-Olof Selroos, SKB (processes in geosphere) and the undersigned.

Kristina Skagius, Kemakta Konsult AB, has checked the contents of the report against
the documentation of the interaction matrices used to select the processes.

The undersigned is responsible for the format of the process descriptions, as well as for
editing the text. Karin Pers, Kemakta Konsult AB, assisted in the final phase of the
editing.
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We would like to express our sincere gratitude to all those who have contributed mate-
rial and then, often with great patience, answered countless questions and accommo-
dated sometimes extensive requests for reworking.

SKB is responsible for the material and conclusions presented in the report.

Stockholm in October 1999

Allan Hedin
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1 Introduction

This report describes the internal processes which over time lead to changes in a KBS-3
repository for spent nuclear fuel. The context of the material in the report is described
in Chapter 4 in SR 97 Main Report and briefly entails the following:

The repository has in SR 97 been divided into four subsystems: fuel/cavity, cast iron
insert/copper canister, buffer/backfill and geosphere. A number of processes of impor-
tance for the post-closure evolution of the repository have been identified within each
subsystem. This has been done with the aid of material in the so-called interaction
matrices previously developed by SKB /see e.g. Skagius et al, 1995/. The processes have
been divided into the categories thermal, hydraulic, mechanical and chemical. Further-
more, there are processes related to radiation and radionuclide transport. The coupling
between the material in the interaction matrices and this report is described in /Pers
et al, 1999/.

The identified processes are documented in this report. Each subsystem has its own
chapter, and each chapter is divided into radiation related, thermal, hydraulic, mechani-
cal and chemical processes as well as radionuclide transport. Each chapter begins with a
description of the subsystem in question plus an overview of the processes treated in the
chapter.

All processes are then described in a standard format with the following subheadings:

Overview

Brief description of the process, what it is influenced by and influences, and its impor-
tance for safety.

General description

More detailed description of the process and the mechanisms involved.

Model studies/experimental studies

Description of model studies and/or experimental studies that have been performed to
quantify the process.

Time perspective

If possible to specify: On what timescale does the process lead to relevant changes?
Sometimes several time perspectives need to be defined.

Natural analogues

Where applicable.
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Summary of uncertainties

Both uncertainties in understanding (conceptual uncertainty) and data uncertainties are
discussed here.

Handling in the safety assessment

How the process can be handled in the safety assessment for four important scenarios
analyzed in SR 97 is described here.

1.1 References

Pers K, Skagius K, Södergren S, Wiborgh M, Bruno J, Pusch R, Hedin A,
Morén L, Sellin A, Ström A, 1999. SR 97 – Identification and structuring of process.
SKB TR 99-20, Svensk Kärnbränslehantering AB.

Skagius K, Ström A, Wiborgh M, 1995. The use of interaction matrices for identifi-
cation, structuring and ranking of FEPs in a repository system. Application on the far-
field of a deep  geological repository for spent fuel.
SKB TR 95-22, Svensk Kärnbränslehantering AB.
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2 Fuel/cavity in canister

2.1 Description of fuel/cavity

2.1.1 General

Fuel types

Several kinds of fuel will be disposed of in the repository. For an alternative with 25
years’ reactor operation, the quantity of BWR fuel is estimated to be about 5,000
tonnes and the quantity of PWR fuel about 1,500 tonnes /PLAN 98/. In addition,
23 tonnes of MOX fuel and 20 tonnes of fuel from the reactor in Ågesta will be
disposed of.

BWR fuel of type SVEA 96 with a burnup of 38 MWd/tU is used as a reference fuel
for SR 97.

PWR fuel differs marginally from BWR fuel as far as content of radionuclides is con-
cerned. Other aspects of importance in the safety assessment, for example the geometry
of the fuel cladding tubes, are as a rule dealt with so pessimistically in analyses of radio-
nuclide transport that differences between different fuel types are irrelevant. The differ-
ence between MOX fuel and uranium fuel is discussed in /Forsström, 1982/. MOX fuel
has a higher decay heat, which means that less fuel can be disposed of in each canister.

Differences between different fuel types are more important in criticality assessments. In
this case, BWR fuel of type SVEA-64 and PWR fuel of type FA17x17 are dealt with in
SR 97, since these types are the most unfavourable in terms of criticality.

Structure of the fuel assemblies

Nuclear fuel consists of cylindrical pellets of uranium dioxide. The pellets are 11 mm
long and have a diameter of 8 mm. In fuel of the SVEA 96 type, the pellets are stacked
in approximately 4-metre-long cladding tubes or “cans” of Zircaloy, a durable zirco-
nium alloy. The cladding tubes are sealed with welds and assembled into fuel assem-
blies. Each assembly contains 96 cladding tubes. A fuel assembly also contains channel,
handle, spacers etc. These parts are made of the nickel alloys Inconel and Incoloy as
well as of stainless steel.
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Radionuclides

Radionuclides are formed during reactor operation by fission of nuclei of uranium-235
and plutonium-239 in particular and by capture of neutrons by nuclei in the metal parts
of the fuel. The former are called fission products, the latter activation products. Moreover,
uranium can form plutonium and other heavier elements by absorbing one or more
neutrons. These and other elements (including uranium) are called actinides and decay
to radioactive actinide daughters in several steps, finally forming stable isotopes of the
metals lead or bismuth.

Most of the radionuclides lie embedded in the fuel matrix of uranium dioxide. A few
fission products are relatively mobile in the fuel and may migrate to the surface of the
fuel pellets during operation. The distribution of radionuclides in the fuel is discussed
in detail in section 2.1.3.

2.1.2 Overview of variables

For the safety assessment, the fuel is described by means of a set of variables which
together characterize the fuel in a suitable way for the assessment. The description
applies not only to the fuel itself, but also the cavities in the canister, into which water
can penetrate in the event of a defect in the copper canister. Processes will then take
place in the cavity, such as fuel dissolution and corrosion of the cast iron insert. The
cavity could thus be included in either the fuel or the canister part of the system, and
has been included in the fuel here.

Figure 2-1.
a. Cylindrical fuel pellets in cladding tubes of Zircaloy. The pellets have a diameter of about one

centimetre.
b. Fuel assembly of type SVEA 96. The assembly consists of 96 fuel tubes and is about 4 metres

long.
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The fuel is characterized with respect to radiation by the intensity of α-, β-, γ- and
neutron radiation and thermally by the temperature. Hydraulically, it is interesting to
characterize the cavity if the copper canister should be damaged and water should enter.
Hydraulically, the cavity is characterized by water flows and water pressure as well as by
gas flows and gas pressures, which are jointly termed hydrovariables in the system
description. Mechanically, the fuel is characterized by stresses in the materials. Chemi-
cally, the fuel is characterized by the material composition of the fuel matrix and
metal parts, and by the radionuclide inventory. If water enters the canister, water
composition and gas composition are also included in the description.

All variables are defined in Table 2-1.

Table 2-1. Variables in fuel/cavity.

Geometry Geometric dimensions of all components of the fuel assembly, such as fuel
pellets and Zircaloy cladding. Also includes the detailed geometry, including
cracking, of the fuel pellets.

Radiation intensity Intensity of α-, β-, γ- and neutron radiation as a function of time and space in
the fuel assembly.

Temperature Temperature as a function of time and space in the fuel assembly.

Hydrovariables Flows and pressures of water and gas as a function of time and space in the
cavities in the fuel and the canister.

Mechanical stresses Mechanical stresses as a function of time and space in the fuel assembly.

Radionuclide inventory Occurrence of radionuclides as a function of time and space in the different
parts of the fuel assembly. The distribution of the radionuclides in the pellets
between matrix and surface is also described here.

Material composition The materials of which the different components in the fuel assembly are
composed, excluding radionuclides.

Water composition Composition of water (including any radionuclides and dissolved gases) in the
cavities in the fuel and canister.

Gas composition Composition of gas (including any radionuclides) in the cavities in the fuel and
canister.

2.1.3 Detailed description of fuel structure and radionuclide
distribution in the structure

The nuclear fuel consists of centimetre-sized cylindrical pellets of sintered ceramic
uranium dioxide. The pellets are stacked in cladding tubes to form fuel rods, which are
in turn assembled into fuel assemblies. The fuel assemblies for a Swedish BWR reactor
consist of 64 to 100 rods, arranged in a square array of 8x8 or 10x10 rods. These are in
turn enclosed by a square fuel channel with a cross-sectional area of approximately
14x14 cm. The total length of a BWR assembly can be up to 4.4 m. The length of the
column of nuclear fuel is approximately 3.7 m. The Swedish BWR waste also contains
small quantities of MOX fuel and fuel from the decommissioned Ågesta reactor.

In the case of the PWR fuel, the array of fuel rods in a fuel assembly is 15x15 or 17x17,
giving a cross-sectional area of 21.4x21.4 cm. The PWR fuel assembly lacks a fuel
channel and is also a decimetre or so shorter than the BWR assembly.
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Most of the radioactivity in the fuel assembly is located in or on the uranium dioxide;
smaller quantities are also present as activation products in the cladding tubes and other
metal parts. The cladding tubes for the fuel consist of Zircaloy. Other structural ele-
ments in the fuel are made of stainless steel, Inconel, Incoloy or Zircaloy.

Fuel

The nuclear fuel consists of very nearly stoichiometric uranium dioxide in the form of
cylindrical pellets approximately 1 cm in diameter and 1 cm in length. The grain size is
normally a micron or so. The uranium in the fuel has been enriched in the isotope 235U
from the naturally occurring concentration of 0.7 percent up to 3.6 percent in BWR
fuel (4.2 percent in gadolinium-bearing fuel) and 4.2 percent in PWR fuel.

The fuel typically develops a power of 15 to 25 kW per metre of fuel rod during opera-
tion, which corresponds to a centre temperature in the fuel pellet in of 800 to 1200°C.
After use in the reactor, the fuel contains 3–5 percent fission products, depending on
the burnup, and approximately 1 percent higher actinides formed by neutron capture
and radioactive decay. The average burnup for Swedish nuclear fuel is currently (1998)
40 MWd/kg U, but the average burnup has gradually increased and will be in the range
50–60 MWd/kg U in newer fuel.

The majority of the fission products and the higher actinides are present as a solid
solution in the uranium dioxide matrix. Besides the chemical alteration of the uranium
dioxide this entails, the fuel has also been altered physically during operation in the
reactor.

Geometry of fuel pellets

During operation, the originally cylindrical fuel pellets crack, resulting in surface area
enlargement. The scope of this surface area enlargement, which can be of importance if
the fuel comes into contact with water in a deep repository, is not fully known. Geo-
metric estimates lie in the order of a few square centimetres per gram of fuel. Johnson
/1982/ estimates the area to be 2 cm2/g. Gray et al /1992/ arrive at roughly the same
result (2.1 cm2/g) for fuel particles in the size range 0.5 to 5 mm, but set a value of 6.4
cm2/g after taking in account surface roughness and porosity. For fuel particles in the
size range 700 to 1700 mm, Gray et al /1993/ arrive at an area of 17 cm2/g, equivalent
here as well to the geometric area multiplied by a factor of 3 in order to take surface
roughness into account. This agrees well with areas measured on unirradiated fuel in a
similar size range (900–1100 mm) by means of gas adsorption (the Braunauer-Emmet-
Teller method, BET method), where Torrero /1995/;  Casas et al /1993)/ determined
the area to be 16 cm2/g. Torrero reports an area of 1.9 cm2/g for a whole fuel pellet. In
both of these size ranges of fuel, the BET area is three times the geometric area.1

One measurement series is known where an attempt has been made to measure the area
of spent fuel using the BET method /Lundström et al, 1997/. The results lay in the
range 59 to 121 cm2/g with a mean value of around 80 cm2/g. Areas of the same order
of magnitude were measured for unused fuel, to be compared with Torrero’s much
lower values for equivalent size ranges. It is uncertain whether these areas are repre-
sentative of the fuel area over which oxidation/dissolution would occur if the fuel came
into contact with water.

1 It should be noted that Casas et al, calculate the geometric area by assuming that the fuel particles can be
regarded as spheres, while Gray et al, /1993/ regard them as cubes. This gives a difference of roughly a factor
of two for estimated geometric area.
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Results from the BET method must also be regarded critically. The measurement,
which usually yields reproducible results, gives a measure of the area on which an inert
gas adsorbs and also gives good relative measures of the areas of different materials in
the same size fractions. However, it cannot simply be assumed that this method gives a
measure of the wetted area of spent fuel in contact with water. The method probably
overestimates the area of the sample that is in contact with water. Furthermore, the heat
output and ionizing radiation in the spent fuel can affect the area determination. Gray
et al /1994/ also conclude that it is probably more appropriate to use some form of
geometric area for fuel than a BET area.

The porosity and grain size of the fuel can be of importance for the specific area of the
fuel. These parameters vary over a wide range, depending on factors such as fabrication,
burnup and irradiation history, but also vary along the radius within the same fuel
pellet.

Enrichment on pellet surface

In the case of fuel that has been irradiated at a relatively low temperature, the radial
variation in grain size and porosity is small, with moderate grain growth in the centre of
the pellet. An exception from this rule is the sharp increase in porosity in the pellet rim.
On an area a few microns in depth on the rim of the pellet, the porosity is several times
higher than inside the fuel. This rim zone also deviates in microstructure from the rest
of the pellet in that the original grains have been subdivided into many smaller grains.
The reason for this lies in local variations in the fission rate across the diameter of the
fuel.

Self-shielding in the fuel leads to increased formation and fission of plutonium isotopes,
increased formation of other actinides and increased frequency of 235U fissions in the
rim of the fuel pellet. The result is sharp variations in both burnup and alpha activity
increases at the periphery of the fuel pellets. The increased burnup is also accompanied
by a higher content of fission products. At an average burnup of about 40 MWd/kg U,
the surface layer can have up to twice the burnup as well as more than four times the
alpha activity /Forsyth, 1995/.

Radionuclides in the fuel-clad gap

Some fission products are gaseous at the temperatures the fuel has had during opera-
tion. This is true of the inert gases krypton and xenon, but can also apply to volatile
fission products such as caesium and iodine. A fraction of these fission products can
leave the fuel matrix during irradiation and migrate to the voids that exist between the
fuel and the cladding. Most of the fuel has a fission gas release of less than 1 percent,
but the maximum value can be tens of percent /Johnson and Tait, 1997/. It is generally
assumed that the release of caesium and iodine is of the same magnitude as the fission
gas release. This has been shown for CANDU fuel /Stroes-Gascoyne et al, 1987/.
It has not been established that the same correlation exists for light water reactor fuel,
even though the results of SKB’s fuel studies seem to support this for Cs (BWR, 42
MWd/kg U: fission gas release 0.7 percent, Cs release approximately 1 percent; PWR,
43 MWd/kg U: fission gas release 1.05 percent, Cs release approximately 1 percent
/Forsyth and Werme, 1992/). However, results from fuel with a high fission gas release
rate (up to 18 percent) show a caesium release that corresponds to only one-fourth of
the fission gas release /Gray et al, 1992/. Gray /1998/ has made similar observations for
iodine.
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There are large uncertainties concerning the fraction of fission products that may have
been released from the fuel matrix during operation in the reactor. The irradiation
history of the fuel is of great importance, and the trend is towards higher burnup and
even higher power ratings. Barner et al /1993/ show that for burnups lower than 20
MWd/kg U, the fission gas release is less than 1 percent, and for most of fuel with a
higher burnup the fission gas release is less than around 5 percent. Studies by Koizumi
et al /1991/ suggest that the fission gas release rate is dependent more on the maximum
linear power density than on the burnup.

Models have been developed for calculation of important fuel parameters, such as
build-up of internal gas pressure and fission gas release /Forsberg et al, 1996/.

The models were used for calculations of the fission gas release in BWR SVEA-64 fuel,
and the results showed that at 100 percent power output the maximum fission gas
release was nearly 20 percent, and at 106 percent power output it was over 23 percent;
the median was 2 percent and 1 percent, respectively /based on information from
Massih /1997/. The mean fission gas release was 4.5 percent and 2.5 percent, respec-
tively. 95 percent of all rods have a fission gas release of less than 14 percent and 8
percent, respectively, for the two cases. The maximum fission gas release rate may be
tens of percent, but only for an insignificant fraction of the core equivalent to 0.001 to
0.01 percent of all fuel.

Hallstadius and Grapengiesser /1991/ have made an analysis of the fission gas release for
a number of 8x8 array ABB fuel rods and found that the fission gas release was depend-
ent on the position of the fuel assemblies in the core in relation to the control rods, the
highest values being from 8 percent to over 20 percent. The majority of the analyzed
fuel assemblies had a fission gas release of less than 5 percent, even at such high
burnups as 50 MWd/kgU. The estimated mean for Hallstadius and Grapengiesser’s data
is approximately 3.5 percent.

Schrire et al /1997/ measured the fission gas release of over 100 10x10 SVEA fuel
assemblies with a burnup of up to 50 MWd/kgU. The fission gas release was at most 5
percent, despite the fact that they chose assemblies which experience has shown have a
high fission gas release. The estimated mean fission gas release was 1 percent.

The variation between different fuel rods is thus great, which leads to large uncertain-
ties for the fission gas release. Since modellings show that more than 50 percent of the
rods, even under extreme conditions, have a release of less than 2 percent, and recently
completed studies /Schrire et al, 1997/ give a mean of 1 percent for modern fuel, it may
be reasonable to choose 2 percent as a reference value.

Even though no systematic investigations of correlations between the release of fission
gases and water-soluble fission products have been done for light water reactor fuel, it
may be pessimistic to use Canadian data for CANDU fuel /Stroes-Gascoyne, 1996/. It
is probably very pessimistic for most of the present-day fuel inventory, but the trend
towards irradiation with higher peak linear power density is increasing the tendency
towards segregations of fission products to the gap and is leading to a decrease in the
differences between light water fuel and CANDU fuel. This means that 2 percent of the
fraction of caesium and iodine can pessimistically be assumed to be present in the fuel-
clad gap for Swedish light water fuel.
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Radionuclides at grain boundaries; segregations

In addition to the release of gaseous fission products, solid elements that are incompat-
ible with the structure of the uranium oxide are also segregated and form separate
phases. Light water reactor fuel contains inclusions of metal alloys of Mo-Tc-Ru-Rh-Pd
(4d metals), also called ε-Ru phases. In normal fuel, these particles can be seen with
sizes of 0.5 to 1 μm, equivalent to the resolution of optical microscopes /Forsyth 1995,
Forsyth, 1996/. The fraction of 4d metals which Forsyth was able to determine by
optical microscopy corresponded to less than 2 percent of their total inventory in the
fuel. By electron microscopy, it has been possible to determine that ε-Ru phases also
occur in the size range 1 to 100 nm /Thomas and Guenther, 1989/. When fuel is dis-
solved in nitric acid, the 4d metals form an insoluble residue. By analyzing these
residues, Forsyth was able to conclude that at least 80 percent of the inventory was
present as spherical inclusions in the size range 0.1 to 0.5 μm.

Besides these known segregations in irradiated fuel, the possibilities that certain fission
products have segregated to the grain boundaries in the uranium dioxide have been
discussed. For CANDU fuel, which is irradiated with higher linear power density (20–
55 kW/m) than light water fuel, it has been established by photoelectron spectroscopy
that caesium, rubidium, tellurium and barium are present in the grain boundaries, often
with high surface enrichments /Hocking et al, 1994/. Gray et al /1992/ determined the
grain boundary inventory of caesium to be less than 1 percent. The values of gap and
grain boundary inventories for technetium and strontium were near the detection limits
and were found to be less than 0.2 percent of the total inventory. A study of grain
boundaries by Auger spectroscopy by Thomas et al /1988/ on fuels with moderate
burnup and low fission gas release showed no detectable amount of caesium, strontium
and technetium. On a PWR fuel with high fission gas release (18 percent; equivalent
fuel was also included in Gray’s et al, study /1992/), Thomas et al, found ε-phases with
high surface concentrations of caesium, tellurium and palladium. This observation was
interpreted as indicating that caesium and other fission products are mainly associated
with the ε-phases and thereby indirectly with the grain boundaries that contain them.
Since no detectable quantities of caesium, strontium and technetium could be detected
in the grain boundaries, Thomas et al, drew the conclusion that the grain boundary
inventory is small and can therefore hardly be regarded as a source of release of these
elements from the fuel.

The question of strontium segregations and the differences between strontium and
uranium release from spent fuel in experiments at Studsvik has been discussed a great
deal. Werme and Forsyth /1988/ offer the hypothesis that most of the strontium that is
released comes from selective leaching of cracks and grain boundaries. Attempts have
been made to determine grain boundary inventories by microprobe analysis in a fuel
with a burnup of 37 MWd/kg U (linear power density <20 kW/m) that has been sub-
jected to controlled power ramping to 43 kW/m in the Studsvik R2 reactor /Forsyth et
al, 1988/. The rod had an appreciable release of krypton and xenon, as well as redistri-
bution of caesium to the fuel-clad gap during the power increase. Sharp concentration
gradients within the individual grains could be observed for xenon and caesium, but not
for neodymium. In the case of strontium, the concentrations were far too close to the
detection limit to yield reliable data. In a subsequent corrosion experiment with a fuel
with a burnup of 44–48 kWd/kg U (linear power density <15 kW/m), a similar power
ramping to a peak of 43 kW/m was performed /Forsyth et al, 1994/. A significant
increase in the release of caesium and rubidium was observed, and some effect for
barium and technetium as well as possibly also for molybdenum. No significant redistri-
bution of strontium was found.
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Available data thus suggest that in contrast to CANDU fuel, light water reactor fuel
irradiated with moderate power densities has at most a few tenths of a percent of the
inventory of radionuclides in the grain boundaries. Aside from the ε-Ru phases, there
are probably no segregations in the fuel that would be of any significance. The grain
boundary inventory is, within the margin of error, equal or close to zero. A possible
contribution from the grain boundaries will be small compared with the inventory in
the gap and can be modelled with a slight increase of the expected gap inventory for
the fuel. Some uncertainty comes, in the same way as for the gap inventory, from the
trend towards irradiation with higher peak linear power density. Pessimistically, the
grain boundary inventory can be set equal to what has been determined for CANDU
fuel /Stroes-Gascoyne, 1996/ and what is discussed by Johnson and Tait /1997/.

2.2 Overview of processes

A number of processes will with time alter the state in the fuel and in the canister’s
cavity. Some take place in any circumstances, while many others only occur if the
isolation of the copper canister is broken and water enters the canister.

The radionuclides in the fuel will eventually be transformed into non-radioactive sub-
stances by means of radioactive decay. This process gives rise to α, β, γ and neutron
radiation which, by interaction with the fuel and surrounding materials, is attenuated
and converted to thermal energy. The temperature in the fuel is changed by means of
heat transport in the form of heat conduction and heat radiation, and heat is transferred
to the surroundings. The temperature change will lead to some thermal expansion of the
constituents of the fuel. In combination with the helium formation to which the α radia-
tion gives rise, this can lead to mechanical failure of the cladding tubes in the fuel.

In an intact canister, radiolysis of residual gases in the cavity will lead to the formation of
small quantities of corrosive gases, which could contribute to stress corrosion cracking
(SCC) of the cast iron insert.

If the copper canister is penetrated, water and gas may be transported into the canister
cavity, radically altering the chemical environment. Radiolysis of the water in the cavity
will further alter the chemical environment. The water in the canister causes corrosion of
cladding tubes and other metal parts in the fuel. If the cladding tubes’ isolation should be
broken initially or later by corrosion or mechanical stresses, the fuel will come into
contact with water. This leads to dissolution of radionuclides that have collected on the
surface of the fuel matrix and dissolution or transformation of the fuel matrix with release
of radionuclides. The radionuclides may either be dissolved in the water, rendering
them accessible for transport, or precipitate in solid phases in the canister void. This is
determined by the chemical speciation of radionuclides in the canister cavity. On dissolution
of the fuel, microscopic particles (colloids) with radionuclides may also form.

Radionuclides dissolved in water can be transported with mobile water in the canister,
advection, or by diffusion in stagnant water. Fuel colloids carrying radionuclides can be
transported in the same way. Nuclides dissolved in water can be sorbed to the different
materials in the canister. Certain nuclides can also be transported in the gas phase.

Finally, water can attenuate the energy of neutrons in the canister cavity. Low-energy
neutrons can subsequently cause fission of certain nuclides in the fuel, releasing more
neutrons. If conditions are unfavourable, criticality may be achieved, i.e. the process
becomes self-sustaining.

The THMC diagram for fuel/cavity is given in figure 2-2.
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Figure 2-2. THMC diagram for fuel/cavity. Processes in italics only occur when the isolation
of the copper canister is broken.
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2.3 Radiation-related processes

2.3.1 Radioactive decay

Figure 2-3. Radioactive decay.

Overview, general description

The process of radioactive decay transforms the radionuclide content of the fuel and of
those parts of the canister cavity to which radionuclides have spread. The radioactive
disintegrations generate α-, β-, γ- and neutron radiation plus new nuclides. These may
also be radioactive and decay until a stable nuclide is created.

The process is of fundamental importance, especially since it describes how the
radiotoxicity and composition of the fuel evolves over time. The energy that is liberated
is converted for the most part into heat (section 2.3.2), and the process thereby also
constitutes the basis for the description of the repository’s thermal evolution.

Model studies/experimental studies

Radioactive decay has been thoroughly studied experimentally over a long period of
time, and our theoretical understanding of the process is very good.

Time perspective

The time it takes for half of all radioactive atoms to decay is called the half-life of the
radionuclide. The half-lives of various radionuclides vary from fractions of a second up
to millions of years.

Natural analogues

Radioactive substances occur naturally, and it is by studies of such natural analogues
that our knowledge of radioactivity grew during the first few decades of this century.
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Summary of uncertainties

Uncertainties in understanding: Our understanding of the process is sufficent for the
needs of the safety assessment.

Uncertainties in data: The half-lives of the concerned radionuclides are generally
known with good accuracy.

New data have been gathered on the half-lives of Se-79 and Sn-126. This is discussed in
section 2.7.8.

Uncertainties concerning the inventory at deposition are discussed by /Andersson, 1999/.

Handling in the safety assessment

Base scenario: The process is handled by model calculations.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

2.3.2 Radiation attenuation/heat generation

Figure 2-4. Radiation attenuation/heat generation.

Overview, general description

The radiation from radioactive decay interacts with the materials in the fuel and the
canister cavity. Energy is thereby transferred to the materials and the radiation is attenu-
ated. Most of the transferred energy is converted into thermal energy: heat generation.
The thermal energy, or heat, that is generated in the fuel after it has been taken out of
service is called residual or decay heat and is dependent on the fuel’s radionuclide
content. At first, the fuel’s heat output is dominated by beta and gamma decay, but
alpha disintegrations are also of some importance in the long term /Håkansson, 1996/.
The isotopes which dominate during the first few centuries are Cs-137 (Ba-137m) and
Sr-90 (Y-90), both with half-lives of around 30 years, which also results in a halving of
the heat output in 30 years.
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The process is of fundamental importance since it describes how heat is generated by
the radiation. Furthermore, attenuation determines how much of the generated radia-
tion reaches the canister.

Model studies/experimental studies

The fuel’s heat output is directly dependent on the radioactive decay process, see section
2.3.1.

Time perspective

Heat generation in the fuel is only of importance for a few hundred years. After 1,000
years, heat generation is only about 5 percent compared with at the time of deposition.

Natural analogues

Not applicable.

Summary of uncertainties

Uncertainties in understanding: Heat output as a function of time can be calculated
with great accuracy when the nuclide content is known. Our understanding of the
process is good enough for the needs of the safety assessment.

Uncertainties in data: The uncertainties regarding heat output stem from uncertainties
regarding the nuclide content of the fuel. These uncertainties are discussed in /Anders-
son, 1999/.

Handling in the safety assessment

Base scenario: The total power output of the fuel is calculated on the basis of its
radionuclide content as well as decay energies and half-lives.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.
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2.3.3 Induced fission (criticality)

Figure 2-5. Induced fission (criticality). Only relevant when the copper canister is damaged.

Overview and general description

Neutrons from radioactive disintegrations can cause nuclear fission in certain isotopes
in the fuel. As long as the copper canister is intact, the great majority of neutrons
generated by these disintegrations will pass out of the fuel without causing fission and
the process can be neglected.

In the case of U-235 and Pu-239 in particular, the efficiency of the process increases if
the neutrons are moderated (slowed down) to lower energies by collisions with light
atomic nuclei. The necessary conditions for this to happen would exist if water were to
penetrate a broken canister. With its light hydrogen nuclei, the water could then act as
a moderator. New neutrons are released by the fissions, and if more neutrons are
formed than are consumed the process can become self-sustaining. The system is then
said to be critical and large quantities of energy can then be liberated. It is this process
that has been utilized under controlled forms in the nuclear reactor for energy produc-
tion.

With the current design of the canister, criticality cannot arise if water enters the canis-
ter and the fuel assemblies are intact and not entirely unused /Efraimsson, 1996a;
1996b/.

If the fuel assemblies have been damaged and uranium and plutonium has been leached
out, there are no probable courses of events that could lead to criticality /Oversby,
1996; 1998/.

Model studies/experimental studies

Nuclear fission has been thoroughly studied experimentally over a long period of time,
and our theoretical understanding of the process is very good. The risks of criticality in
the canister have been studied by /Efraimsson, 1996a; 1996b/.
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Time perspective

The fraction of fissionable material in the spent fuel changes insignificantly with time,
and the probability of criticality will remain unchanged for thousands of years.

Natural analogues

Criticality has been studied at the natural reactor in Oklo, see Oversby /1996; 1998/.

Summary of uncertainties

Fundamental understanding: The process has been thoroughly studied within reactor
physics. Our understanding is sufficient for the needs of the safety assessment.

Data uncertainties: Data uncertainties exist for the situation with a failed canister in
the deep repository. There are uncertainties relating to the situation for a failed canister
in the deep repository. The conclusion that the risk of criticality can be neglected
remains valid, however.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: Account of criticality studies for different types of fuel and
burnup rates for a damaged canister directly in the main report.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

2.4 Thermal processes

2.4.1 Heat transport

Figure 2-6. Heat transport.
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Overview

Heat is transported in the fuel and cavity by conduction and radiation over to the
canister insert and further to the near and far field. The process is dependent on the
geometric configuration of the fuel and the thermal properties of the materials, which
are given by the material compositions. The heat transfer to the canister insert sets the
boundary conditions for the process. The result is a temperature change in the fuel/
cavity.

The process constitutes a part of the thermal evolution of the repository.

General description

Depending on the residual gas composition in the cavity and depending on the radia-
tion properties2  of the metal surfaces on the fuel assemblies and the canister insert, heat
conduction or radiation may come to dominate the heat transfer between fuel and
canister. The temperature in the fuel and the cavity will be affected by the entire chain
of heat transfers between the different components in the repository. In the longer
perspective, the temperature evolution in the fuel and cavity will be controlled by the
thermal power output of the fuel. In a shorter perspective, changes in the heat transfer
properties of different components in the repository will have a great influence on the
temperature of the fuel. The peak temperature in the fuel will be reached shortly after
deposition.

Model studies/experimental studies

Temperature calculations have been carried out for the canister /Renström, 1997;
Bjurström and Bruce 1997, 1998/. Uncertainties surrounding the heat transfer between
the different components in the canister greatly influence the results. Experimental
investigations will therefore be conducted.

Time perspective

The peak temperature of the fuel is reached shortly after deposition. It then takes
several thousand years for the fuel to cool off to near-ambient temperature.

Natural analogues

Not applicable.

Summary of uncertainties

Understanding: Our fundamental understanding of the process is sufficient for the
needs of the safety assessment.

Data uncertainties: Uncertainties surrounding the heat transfer between the cladding
tubes and the cast iron insert lead to uncertainties in the assessment of the temperature
of the fuel. Compared with the uncertainties surrounding the heat transfer between the
cast iron insert and the copper canister and between the canister surface and the ben-
tonite buffer before full water saturation has been achieved, the uncertainties surround-
ing the heat transfer from the fuel to the canister insert are small.

2 Expressed as emissivity, i.e. capacity to emit electromagnetic radiation.
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Handling in the safety assessment

Base scenario: An estimation of the maximum temperature reached by the fuel is
carried out in the base scenario. This can be done with the aid of Renström /1997/ and
Bjurström and Bruce /1997, 1998/.

Canister defect scenario: Intruding water modifies the heat conduction properties in
the interior of the canister only marginally. The description of heat conduction in the
canister defect scenario is therefore assumed to lie within the frame of the uncertainties
for the equivalent description in the base scenario.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

2.5 Hydraulic processes

2.5.1 Water and gas transport in canister cavity, boiling/condensation

Figure 2-7. Water/gas transport, boiling/condensation. Only applicable when the copper
canister is damaged.

Overview

If the copper canister is penetrated, water can enter the canister cavity as liquid or water
vapour. Transport of water, water vapour and other gases in the canister is then deter-
mined by the detailed geometry of the canister cavities, the presence of water/vapour in
the cavities, and temperature and pressure. Boiling/condensation comprises an integral
part of water/gas transport. Pressures and flows of water and gas at the transition to the
buffer set the boundary conditions for the process.

The process is strongly coupled to several other processes, for example corrosion of the
canister insert, where water is consumed and hydrogen is formed.
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Water/gas transport in the canister is of fundamental importance for a number of other
processes that are dependent on the presence of water in the canister, such as fuel disso-
lution, radionuclide transport and corrosion of the copper insert.

General description and model studies/experimental studies

If the canister is penetrated, water will enter. The process is controlled by the pressure
difference between buffer and canister cavity (initially 5–7 MPa) and the hydraulic
conductivity in the bentonite. Water ingress can be expected to proceed very slowly. In
the presence of water in the canister, gas will be generated both by radiolysis (see sec-
tion 2.7.3) and by corrosion of the cast iron insert (section 3.7.1). The build-up of gas
pressure in the canister will lead to a gradual decrease in the inflow of water and, when
the pressure is sufficiently high, gas transport through the canister and the bentonite.
The process has been investigated in several reports since 1990 for cracks in the canister
/Wikramaratna et al, 1993/, and most recently in detail by /Bond et al, 1997/.

Qualitatively, the course of events can be described as follows: water enters through the
hole in the copper canister and causes anaerobic corrosion of the iron surfaces. This
leads to hydrogen gas formation, which gradually increases the pressure inside the cavity
in the canister and thereby reduces the ingress of water. The corrosion leads to con-
sumption of water. If the surface area available for corrosion is constant, the rate of
water consumption will also be constant and the water level in the canister will reach a
peak and then sink. Depending on the size of the hole in the canister and the corrosion
rate, /Bond et al, 1997/ see three possibilities:

1) If the hole is so small that water is consumed by corrosion at the same rate as it
enters, no water will collect inside the canister. The hydrogen gas pressure builds up
gradually and approaches the external water pressure asymptotically. The corrosion
rate will be governed by the inward diffusion of water vapour, which also declines
asymptotically towards zero.

The hole sizes at which this applies depend on the corrosion rate. At a corrosion rate
of 0.1 μm/y, the area of the hole must be less than 8.25 mm2. At a corrosion rate of
1 μm/y, the equivalent hole size is 825 mm2. When the inward transport of water due
to the pressure difference between the inside and outside of the canister is lower than
the inward transport by diffusion, canister corrosion will be diffusion-controlled (see
below).

2) If the hole in the canister is larger than in case 1), but still sufficiently small, water
will collect inside the canister. The water will be completely consumed before the
pressure in the canister reaches the external pressure. Then the corrosion rate will be
limited by the water supply rate and decrease with increasing hydrogen gas pressure
as in case 1). The hydrogen gas pressure gradually builds up and approaches the
external pressure asymptotically, while the corrosion rate declines asymptotically
towards zero.

In the same way as in case 1), the hole size is dependent on the corrosion rate. The
combination of corrosion rate 0.1 μm/y and hole size 20 mm2 belongs to this cat-
egory, for example. When the inward transport of water due to the pressure differ-
ence between the inside and outside of the canister is lower than the inward transport
by diffusion, canister corrosion will be diffusion-controlled (see below).
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3) If the hole is sufficiently large in relation to the corrosion rate, the hydrogen gas
pressure will reach the external pressure while there is still water in the canister. If
the water level is then lower than the hole in the copper canister, hydrogen begins to
leak out, but the internal pressure is still high and prevents new water from entering
the canister. If the water level in the canister lies above the hole in the copper canis-
ter, water will first be pressed out until the water is on a level with the hole. Then
hydrogen will leak out as long as the corrosion continues, i.e. until all water in the
canister has been consumed.

In the same way as in case 1, the hole size is dependent on the corrosion rate and can
be illustrated by the cases 0.01 μm/y and hole size 5 mm2, and 1 μm/y and hole size
0.18 m2, both of which belong to case 3). When the inward transport of water due to
the pressure difference between the inside and outside of the canister is lower than
the inward transport by diffusion, canister corrosion will be diffusion-controlled (see
below).

Even after all liquid water has been consumed, iron corrosion will continue since water
vapour can diffuse into the canister. This case has also been modelled by Bond et al,
/1997/ for different corrosion rates, the hole in the canister and the area inside the hole
that corrodes.

No experimental studies of the process of water ingress and water consumption by
hydrogen-generating corrosion have been carried out.

Time perspective

After canister penetration, the time frame is a matter of hundreds to hundreds of thou-
sands of years /Bond et al, 1997/.

Natural analogues

Not applicable.

Summary of uncertainties

Fundamental understanding: Sufficient for the needs of the safety assessment.

Data uncertainties: For generation of corrosion gases, the corrosion rates are well-
determined empirically and can be modelled with a constant corrosion rate if the water
supply is not limiting /Smart et al, 1997/. If the corrosion rate is greater than the supply
of water, the corrosion process will be controlled by the transport of water into the
canister /Bond et al, 1997/.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: The process is described as a part of an integral description
of the evolution of the canister interior after damage.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.
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2.6 Mechanical processes

2.6.1 Thermal expansion/cladding failure

Figure 2-8. Thermal expansion/cladding failure.

Overview/General description

Temperature changes in the fuel and mechanical impact in conjunction with handling
and transport will affect the cladding.

Temperature increases lead to increased gas pressure inside the cladding tubes and can
cause failure. Uptake of hydrogen during reactor operation may have led to hydride
formation with embrittlement, which can lead to failure of the cladding tubes. In most
cases, the damage will be local and lead to a leaky cladding tube.

The process is of importance for the release of radionuclides from the fuel. This can
only happen if the cladding tubes are damaged.

Model studies/experimental studies

Experimental studies and modelling have been carried out for dry storage purposes
/BEFAST III, 1997/. Hydride formation and delayed failure have been studied for a
long time /Northwood and Kosasih, 1983; Grigoriev, 1996/. Rothman /1984/ conducted
a review of the state of knowledge based on requirements for direct disposal of spent
fuel. The conclusion was that failure due to hydride formation, though unlikely, cannot
be entirely ruled out.

Time perspective

A small portion of the fuel rods must be assumed to be damaged at the time of disposal.
Even after disposal, hydride formation can lead to cracks in the cladding.

Natural analogues

Not applicable.
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Summary of uncertainties

Our understanding of the process is not sufficient to permit reliable quantification. In
cases where the process is of importance, i.e. when the copper canister is damaged, it
can be handled pessimistically, see below.

Handling in the safety assessment

Base scenario: The process is of no importance for long-term safety as long as the
copper canister is intact. To permit a discussion of retrieval, it can be pessimistically
assumed that all cladding tubes may be damaged, but that they still provide physical
protection for the fuel, and that the fuel assemblies retain their original geometry.

Canister defect scenario: In the modelling of radionuclide transport in the canister
defect scenario, it is pessimistically assumed that all cladding tubes are damaged
/Andersson 1999/.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

2.7 Chemical processes

2.7.1 Advection and diffusion

Solutes in the interior of the canister can be transported by advection and diffusion.
These processes are not discussed explicitly, but dealt with (often with pessimistic
simplifications) integrated with other processes. See also section 2.8.

2.7.2 Residual gas radiolysis/acid formation

Figure 2-9. Residual gas radiolysis/acid formation.
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Overview, general description

Air and water in an intact canister can be decomposed by means of radiolysis. The
products can then be converted to corrosive gases such as nitric acid and nitrous acid.
These gases can be of importance for stress corrosion on the canister insert, see section
3.7.3.

Model studies/experimental studies

The production of nitric acid has been calculated by Marsh /1990/, Henshaw et al,
/1990/ and Henshaw /1994/ for two different dose rates and for different quantities of
air and water in the canister. Not unexpectedly, the quantity of nitric acid formed is
dependent on sufficient quantities of water and air. The rate at which nitric acid is
formed is dependent on the dose rate. The calculations show that with 50 g of water,
just under 160 g of nitric acid can be formed /Henshaw et al, 1990/. If the canister is
evacuated and the air is replaced with an inert gas, the quantity of nitric acid is much
lower. At 0.01 percent residual air, the quantity of nitric acid will be a few tenths of a
milligram.

Time perspective

The transformation of residual air and water to nitric acid takes place over the course
of years to tens of years, Henshaw et al /1990/, Henshaw /1994/.

Natural analogues

Not applicable.

Summary of uncertainties

The greatest uncertainty concerns the quantity of water that can inadvertently be intro-
duced into the canister. The fuel bundles will be dried before they are transferred to the
canister. The calculations that have been performed have assumed that 50 g of water
can accompany the fuel into the canister despite drying. This quantity is equivalent to
the empty volume in a punctured fuel pin. Since the great majority of fuel pins will be
intact, this is a very pessimistic upper limit, and the quantity of water in the great
majority of canisters will be considerably less.

Handling in the safety assessment

Base scenario: Residual air, water and radiolytically formed nitric acid will be con-
sumed by corrosion reactions with the canister insert. The total scope of general corro-
sion is negligible. The process can therefore be neglected in the safety assessment.
Consequences of stress corrosion cracking (SCC) are discussed in section 3.7.3.

Canister defect scenario: See the base scenario.

Climate change: See the base scenario.

Earthquake: See base scenario.
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2.7.3 Water radiolysis

Figure 2-10. Water radiolysis. Only applicable when the copper canister is damaged.

Overview, general description

Any water that enters the canister and reaches the cavities between the fuel assemblies
and the canister insert is split into reducing and oxidizing constituents by the gamma
radiation in the canister’s cavity. The oxidizing species that are formed will probably be
consumed by corrosion of the canister insert in particular, but also to some extent of the
fuel cladding. Radiolysis at fuel dissolution is dealt with section 2.7.5.

Production of reducing species results in a build-up of hydrogen gas in the void in the
canister. After some time, the hydrogen gas pressure will reach a constant value and the
result of continued gamma radiolysis will be reformation of water /Christensen and
Bjergbakke, 1982; Christensen and Bjergbakke, 1984/. The quantity of hydrogen gas
produced by radiolysis is dependent on the gamma dose rate. The contribution made by
radiolysis to hydrogen gas formation is negligible compared with the contribution made
by corrosion of the cast iron insert (see section 3.7.1).

Model studies/experimental studies

Radiolysis of water has been thoroughly studied by both experiments and modelling
/Spinks and Woods, 1990/.

Time perspective

The process contributes to hydrogen gas formation during the first centuries after
deposition. After that, gamma radiation declines to negligible levels.

Natural analogues

Not applicable.
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Summary of uncertainties

Understanding: Our fundamental understanding of the process is sufficient for the
needs of the safety assessment.

Data uncertainties: There are no data uncertainties of importance for the safety assess-
ment.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: The contribution made by radiolysis to hydrogen gas pro-
duction and other environmental impact is neglected. Radiolysis at fuel dissolution is
dealt with in section 2.7.5.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

2.7.4 Metal corrosion

Figure 2-11. Metal corrosion. Only applicable when the copper canister is damaged.

Overview

Any water in the canister cavity can lead to corrosion of cladding tubes and other metal
parts in the fuel. Besides by the composition of cladding tubes and metal parts, the
process is controlled mainly by the chemical environment in the canister cavity and by
the temperature.

The process affects the isolating function of cladding tubes and metal parts that enclose
the fuel and is thereby of importance for the release of radionuclides from the fuel. The
corrosion of metal parts also leads to release of the activation products that have formed
in the metal parts.

3 19-1476
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General description

The cladding tubes for the fuel are made of Zircaloy. Other structural elements in the
fuel are made of stainless steel, Inconel, Incoloy or Zircaloy. Some of the radioactivity
in the fuel is present in the cladding tubes and other metal parts as activation products.

If water enters the canister, the metal parts will corrode. The corrosion rate and the
release of activation products will be controlled by the dissolution rate of the surface
film of zirconium dioxide which is tightly bound to the metal surface. The dissolution
of the oxide film will be controlled by the solubility of ZrO2 in the water in the imme-
diate vicinity of the fuel and the removal of dissolved zirconium species. The solubility
of ZrO2 in water is very low, in the order of 10-9 M /Bruno et al, 1997/.

Considering the low corrosion rate of Zircaloy and in view of the low solubility of
ZrO2 in water, the rate of the release of activation products from the cladding tubes will
be very low.

Model studies/experimental studies

No studies of the corrosion rate of Zircaloy have been conducted by SKB, but a thor-
ough literature review was performed in 1984 by the Lawrence Livermore National
Laboratory for a tuff repository /Rothman, 1984/. From Rothman’s data, the corrosion
rate can be estimated at approximately 2 nm/y, i.e. penetration of the cladding tubes is
estimated to take place after 400,000 years at a tube thickness of 0.8 mm.

Although no detailed studies of corrosion of Zircaloy in the repository environment
have been conducted, similar studies have been conducted for titanium /Mattson and
Olefjord, 1984; 1990; Mattsson et al, 1990/. The corrosion properties of titanium are
very similar to those of zirconium; it is protected against general corrosion by a surface
film of titanium oxide. The results of the investigations showed that the oxide film
remained tightly bound to the underlying metal and that the corrosion rate was ex-
tremely low, approximately 2 nm/y, i.e. in agreement with the corrosion rate of Zircaloy
based on Rothman’s data.

The other engineering materials in the fuel are stainless steels or nickel-base alloys.
SKB has not conducted any investigations of the corrosion resistance of these materials
under repository conditions. Gdowski and Bullen /1988/ have conducted a literature
review of the corrosion resistance of similar candidate materials for encapsulation of
nuclear fuel for the American Nuclear Waste Management Program (NWMP). The
corrosion rates for brief exposures in seawater, which is probably more aggressive than
the groundwater in the deep repository, suggest values of tens of microns per year for
stainless steels and microns per year for nickel-base alloys. The release of activation
products will be controlled by these corrosion rates.

Time perspective

After water has come into contact with the cladding tubes, corrosion accompanied by
release of activation products is expected to proceed at a constant rate for hundreds of
thousands of years. The equivalent time frame for stainless steel components is hun-
dreds of years, and for nickel-base alloys thousands of years.

Natural analogues

Not applicable.
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Summary of uncertainties

Fundamental understanding: Our fundamental understanding of the process is suffi-
cient for the needs of the safety assessment.

Data uncertainties: The uncertainties principally concern whether the corrosion rates
that have been observed in short-duration experiments are valid for geological time
spans.

The corrosion rate of Zircaloy (titanium) is measured during a short period compared
with the expected life of the cladding tubes. The greatest uncertainty stems from the
extrapolation of these short-term data. Mattsson and Olefjord /1990/ derive a logarith-
mic growth law for the oxide layer on titanium for measurement data of up to three
years. It shows a rapid growth of an initial passivating film of about 7 nm, after which
further growth takes place extremely slowly. An extrapolation to 106 years gives an oxide
layer of 12 nm.

Mattsson and Olefjord’s /1990/ data also show that for longer periods, 5 and 6 years,
the growth rate deviates from the logarithmic law. After 6 years the film was 0.7 nm
thicker than calculated, while the five-year samples showed considerable deviation – 4.9
and 15.5 nm, respectively – which speaks against an extrapolation according to the
logarithmic law. At the shorter exposures, the oxide film was amorphous, but after
longer periods it was partially crystallized. It is therefore possible that the higher
growth rate is due to a more rapid transport through grain boundaries. This could be
compared with active corrosion followed by a rapid repassivation. During the first year
the film grows about 8 nm from the bare metal surface, which is passivated. This could
be regarded as an upper limit for the corrosion rate and correspond to a life of 100,000
years for the Zircaloy cladding.

Since no relevant corrosion data have been gathered for other metal components in the
fuel, the uncertainties are great. The corrosion rates are considerably greater than for
the Zircaloy cladding, and a very pessimistic estimate would be to set the life of these
components at 0 years.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: Available data suggest a life of the cladding tubes of at least
100,000 years. The tubes can pessimistically be assumed to be penetrated at deposition,
but largely retain their mechanical integrity for a very long time and serve as a mechan-
ical support for the column of fuel pellets. Release of activition products is assumed to
occur immediately.

Other metal parts can be considered to be immediately dissolved as far as release and
transport of radionuclides are concerned.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.
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2.7.5 Fuel dissolution

Figure 2-12. Fuel dissolution. Only applicable when the copper canister is damaged.

Overview

If water enters the canister cavity, the fuel may be dissolved/transformed, resulting in
release of radionuclides. The process, which requires that the isolation of the cladding
tubes has been broken, is controlled above all by the chemical environment in the fuel-
clad gap, particularly the presence of oxidants, and by the fuel composition, where
matrix structure and the presence of radionuclides in the fuel matrix are decisive.

The process is of fundamental importance, since it describes the release of radionuclides
from the fuel.

General description

Non-matrix-bound activity

Radionuclides in materials that have been segregated to the fuel-clad gap will rapidly
go into solution. The quantity of activity released is determined by the solubility and
availability of segregated material. The release from the gap is independent of the
dissolution or transformation of the uranium dioxide in the fuel. This is discussed in
greater detail in section 2.7.6.

Matrix-bound activity

The majority of fission products and higher actinides in the fuel exist as a solid solution
in the uranium dioxide matrix. Release of these radionuclides requires that the uranium
dioxide be dissolved or otherwise altered, for example by oxidation. This can happen if
water has entered the canister and the cladding tubes are damaged.

Fuel dissolution and release of radionuclides under anoxic conditions: Uranium
dioxide is stable in oxygen-free water with low silicon activity and U(IV) has very low
solubility in water. The scatter of experimental data spans several orders of magnitude
/Fuger, 1993/ but seems to be relatively independent of the temperature.
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Bruno et al /1997/ recommend a solubility of around 1.3·10-7 for the safety assessment.
This is roughly a factor of a hundred greater than the solubility of UO2(s) and may be
regarded as a pessimistically chosen solubility.

The substances dissolved in the uranium dioxide matrix will be released as the chemical
dissolution of the uranium dioxide proceeds. The total quantity that is released will be
controlled by the quantity of dissolved uranium, which is in turn dependent on the
interaction between the dissolution rate, the solubility of uranium and the water flux
around the canister.

Fuel dissolution and release of radionuclides under oxidizing conditions: In the
presence of oxygen, uranium will be oxidized to U(VI). The solubility of U(VI) species
(uranyl) is considerably higher than that of U(IV) species. This solubility is also de-
pendent on the presence of complexing agents, of which carbonate is the most impor-
tant in natural Swedish groundwaters. Bruno and Sellin /1992/ recommend values of the
solubility in the range 3·10-4 to 3·10-6 M, depending on the water’s carbonate content.

In the presence of oxidants, the possibility that the oxidation rate of the uranium diox-
ide will be higher than its dissolution rate cannot be ruled out. This would lead to
dissolution followed by precipitation of solid U(VI) phases on or near the fuel. The
composition of these phases will depend on the water composition. In groundwater or
bentonite pore water, uranyl oxides/hydroxides (schoepite) will probably dominate first,
while in a longer time perspective more stable uranyl silicates (for example uranophane)
will form.

As the uranium dioxide is converted, nuclides bound in the fuel will be mobilized and
can, if they are readily soluble, be transported away from the fuel out into the near
field. Less soluble nuclides can either be precipitated as separate phases or, by co-
precipitation, be incorporated in the uranium phases or other phases that are formed on
or near the fuel.

Redox conditions in connection with water ingress: When water comes into contact
with the fuel, the uranium dioxide will begin to dissolve. This will occur by chemical
dissolution or by oxidation/corrosion of the fuel, depending on the redox conditions
immediately surrounding the fuel. Alpha and beta radiation will dominate in the fuel-
clad gap. In the same way as gamma radiation splits water in the void in the canister
(section 2.7.3), the alpha and beta radiation will split the water into oxidizing and
reducing species, principally hydrogen, oxygen and hydrogen peroxide. Oxidizing and
reducing species are produced in equivalent quantities and do not actually influence the
redox conditions immediately surrounding the fuel.

Since hydrogen at the temperatures in question (< 100°C) is considerably more slow-
reacting than oxygen and hydrogen peroxide, the effect of the radiolysis will be an
oxidation of the uranium dioxide in the fuel to U(VI) species. The oxidation rate is
determined by the production rate of oxidizing radiolysis products, the rate of the
oxidation reaction and the fuel area available for oxidation. The course of the reaction
will be analogous to the oxidation of the uranium dioxide to schoepite in defective fuel
rods in a reactor /Forsyth et al, 1990/. In a repository, where the dose rate is much
lower than in the reactor, the oxidation process will be much slower. Since the Zircaloy
cladding, even if it is perforated, is expected to remain around the fuel for a very long
time after water ingress, the fuel will be oxidized by the water volume present between
the fuel and the cladding tubes.
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Model studies/experimental studies

Experimental studies of fuel dissolution have been conducted for more than 20 years,
see for example Eklund and Forsyth /1978/ and Forsyth /1997/.

The radiolytic oxidation of fuel inside the Zircaloy cladding has been modelled by
Eriksen /1997/. Eriksen’s conclusions are that the oxidation process is dominated by the
reaction between hydrogen peroxide and fuel. As the hydrogen gas pressure builds up,
the consumption of oxidants will decrease, i.e. oxidation of the fuel will abate. The
reason for this is the interaction between the alpha and beta radiolysis, where oxidizing
radicals from the beta radiolysis are consumed by reactions with hydrogen.

Time perspective

After water has come into contact with the fuel, fuel transformation will proceed for
hundreds of thousands of years.

Natural analogues

Naturally occurring uraninite can be of help in understanding the weathering sequence
for uranium dioxide.

Summary of uncertainties

Fundamental understanding: There are no real uncertainties as far as our fundamental
understanding of the process is concerned. The uncertainties primarily concern the size
and importance of the different processes that control the fuel transformation.

Redox conditions in connection with fuel dissolution: Oxidation of iron will prob-
ably proceed much faster than oxidation of UO2 inside a damaged canister. No direct
comparison has been made, but an estimate of the time required to consume the oxygen
in a copper canister shows that any residual oxygen will be consumed by oxidation of
copper within a year or so /Johnson et al, 1996/. The consumption rate in an iron
canister should be comparable, since the corrosion rates of iron and copper are compa-
rable /Wersin et al, 1993/. There are therefore hardly any appreciable uncertainties
surrounding the possibility that the water that will come into contact with the fuel may
be oxygen-free. Fuel dissolution should therefore be modelled as oxidative dissolution
where the radiolysis of water is the only source of oxidants. As has been evident from
the earlier discussions of the durability of Zircaloy in the repository environment, the
cladding tubes can be assumed to remain around the fuel for a very long time, and the
environment in which fuel oxidation/dissolution takes place will be determined by
groundwater equilibrated with bentonite and the alpha and beta radiation in the fuel-
clad gap /Eriksen, 1997/. Even though the model is conceptually defensible, there are
many uncertainties that can affect the result.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: Two models are used for the transformation of fuel in
SR 97:

• In the model used in the main case, the transformation is assumed to be controlled
by radiolytically produced oxidants. In the calculation model, the process is simpli-
fied by the use of a constant transformation rate.
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• To illustrate the importance of the stability of the fuel matrix, a calculation will be
carried out where the barrier function of the fuel is neglected. This is unreasonable,
but gives an upper limit for the consequences of the process. This calculation case is
warranted by the fact that uncertainties still exist in our understanding of the mecha-
nisms of fuel dissolution.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

2.7.6 Dissolution of gap inventory

Figure 2-13. Dissolution of gap inventory. Only applicable when the copper canister is
damaged.

Overview, general description

In the event of canister damage, water can enter the canister. If the fuel cladding is
damaged, the water can also come into contact with the fuel. Most of the radionuclides
in the fuel are evenly distributed in the UO2 matrix and are released when the fuel
dissolves (see section 2.7.5). A small fraction of the inventory of a few radionuclides has
segregated to the fuel-clad gap and possibly also to grain boundaries in the fuel (see
section 2.1.3).

On contact with water, these radionuclides can quickly go into solution. The quantity
of activity released is determined by the solubility and the availability of segregated
material. A study of the release of segregated nuclides in fuel has been performed by
Johnson and Tait /1997/.

Model studies/experimental studies

An immediate release of caesium and iodine from the fuel on contact with water is
experimentally verified, see e.g. Johnson and Tait /1997/.
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Time perspective

The release can be regarded as immediate (in the order of days).

Natural analogues

Not applicable.

Summary of uncertainties

Uncertainties surrounding fundamental understanding: Our fundamental under-
standing of the process is sufficient for the needs of the safety assessment.

Data uncertainties: It has been experimentally shown that fractions of the content of
fission gases, caesium and iodine can leave the fuel matrix during reactor operation. It is
also known that Tc, Ru, Rh, Pd and Mo form metallic inclusions in the fuel. There are
no major systematic studies of segregations in light water reactor fuel, with the excep-
tion of release of fission gases. Uncertainties surrounding the size of and, in some cases,
the very existence of segregations of certain radionuclides are great. Uncertainties are
discussed in greater detail by Johnson and Tait /1997/.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: Immediate release of radionuclides according to Andersson
/1999/ based on Johnson and Tait /1997/.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

2.7.7 Speciation of iron corrosion products

Figure 2-14. Speciation of iron corrosion products. Only applicable when the copper canister
is damaged.
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Overview, general description

If water enters the canister, the cast iron insert will corrode. The oxygen in the water
has then in all probability already been consumed by reactions with minerals in the
bentonite and by reacting with the copper canister. If the water should contain any
residual oxygen, it will quickly be consumed by reacting with the cast iron (see section
3.7.1) and continued corrosion will take place by reaction with the water. The reaction
between cast iron and water produces magnetite and hydrogen gas.

The process is of crucial importance for the hydrochemical environment in the canister
cavity. As a result, reducing conditions will prevail in the cavity for a very long time.

Model studies/experimental studies

It is well known that magnetite and hydrogen are formed by anaerobic corrosion of
iron. This has also been verified experimentally for the hydrochemistry that can be
expected to prevail in the deep repository /Blackwood et al, 1995; Smart et al, 1997/.

Time perspective

The corrosion process will proceed for tens of thousands of years after water ingress.

Natural analogues

Not applicable.

Summary of uncertainties

There are no conceptual uncertainties. The uncertainties mainly relate to the quantity
of dissolved Fe(II).

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: A quantitative description of the chemical environment
inside a defective canister is given.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Modified hydrogeochemical conditions may then need to be discussed. Other-
wise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.
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2.7.8 Speciation of radionuclides, colloid formation

Figure 2-15. Speciation of radionuclides, colloid formation. Only applicable when the copper
canister is damaged.

Overview, general description

Radionuclides that have been released from or exposed in the fuel matrix and other
metal parts can dissolve in the water in the canister cavity and thereby become available
for transport or precipitate as unavailable solid phases. The distribution between dis-
solved and solid phases is determined by the solubilities of the nuclides, which are in
turn dependent above all on the chemical environment in the canister cavity and the
temperature.

Alternatively, radionuclides can be released in the form of colloids or pseudocolloids.
This is of no importance for radionuclide dispersal from the canister as long as the
bentonite buffer, which acts as an efficient filter for colloids, remains in place.

Due to the ongoing corrosion of the canister insert, reducing conditions exist (see
section 2.7.7). The solubilities and the speciation that are recommended in Bruno et al
/1997/ pertain to reducing conditions and thereby also apply to the void in the canister.
The process is of fundamental importance for the transport of radionuclides.

Model studies/experimental studies

Solubility calculations for SR 97: In solubility calculations for a safety assessment, a
solubility-limiting phase is postulated for each radioelement. Phases are chosen which
with great certainty can be formed under the conditions that prevail. Amorphous phases
are, for example, chosen instead of crystalline ones, while stable sulphides and silicates
that are not formed with certainty are often disregarded entirely in the modelling. The
solubility calculations determine not only the solubility of the radioelement, but also
the speciation of all radionuclides in the aqueous phase. Speciation is of importance for
solubility, but also for the transport properties of the radionuclide in buffer and rock.
Table 2-2 contains the solubility-limiting phases that are used in SR 97 as well as the
dominant species /Bruno et al, 1997/.
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Table 2-2. Solubility-limiting phases and speciation in SR 97

Element Solubility-limiting phase Dominant species

Ag Silver/AgCl AgClx
y-

Am AmOHCO3 Am(OH)2
+, AmCO2

+, AmOH2+

Cm CmOHCO3 CmOH2+

Ho Ho2 (CO3)2 HoCO3
+, Ho(CO3)2

-

Nb Nb2O5 NbO3
-

Ni NiO Ni2+, NiCO3,

Np Np(OH)4 Np(OH)4, Np(OH)3CO3
- Np(HPO4)4

6-

Pa Pa2 O5 PaO2OH

Pd PdO Pd(OH)2

Pu Pu(OH)4 Pu(OH)4, PuCO3
+, Pu3+

Ra RaSO4 Ra2+, RaSO4

Se FeSe(2)/Selenium HSe-

Sm Sm2 (CO3)2 SmCO3
+, Sm(CO3)2

-

Sn SnO2 Sn(OH)4, Sn(OH)5
-

Sr Celestite/Strontianite Sr2+

Tc TcO2 TcO(OH)2

Th Th(OH)4 Th(OH)4, Th(HPO4)3
2-

U UO2 U(OH)4

Zr ZrO2 Zr(OH)4

Available model studies/experimental studies for important elements in the safety assess-
ment are discussed in the following.

Caesium and iodine: The elements that are segregated to the fuel-clad gap will imme-
diately be released on contact with water. These elements are caesium and iodine,
possibly also chlorine and carbon. There are no solubility limits for the three first
elements, nor are they redox-sensitive. The most probable solution species are Cs+, I-

and Cl-. Carbon could conceivably be released as carbonate, methane or other carbon
compounds, depending on redox conditions and redox kinetics. The chemical formula
of carbon in UO2 is not known, but van Konynenburg /1994/ regards carbide,
oxycarbide and elemental carbon as possible alternatives. Under oxidizing conditions,
the release of carbon from the fuel appears to take place as carbon dioxide. If carbon is
present as carbonate, it is conceivable that under certain conditions the release is solu-
bility-limited by precipitation of solid carbonates.

After the gap inventory has been dissolved, further dissolution of these elements will be
controlled by the fuel oxidation/transformation process.
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Strontium: Strontium is present in solid solution in the fuel matrix and is not solubil-
ity-limited or redox-sensitive. It is released as the fuel oxidation/transformation pro-
ceeds. The cation Sr2+ will be the dominant solution species. Depending on the water
chemistry, strontium sulphate or strontium carbonate will be solubility-limiting solid
phases. Most likely, the strontium concentrations in the water will never reach the
solubility limits. The strontium concentrations may possibly be reduced by co-precipi-
tation with calcium carbonate.

Selenium: The fraction of 79Se in the fuel is around 8 ppm according to Origen calcu-
lations (50 MWd/kg U, PWR) and approximately 1 ppm according to analyses /MCC,
1988/. The total amount of selenium in the fuel according to the Origen calculations is
approximately 80 ppm. The radiometric analyses that were carried out for MCC as-
sumed a half-life of 65,000 years. New determinations have given a half-life for 79Se of
1.1·106 years /Songsheng et al, 1997/. With this value of the half-life, the concentration
of 79Se in the fuel is 15 ppb for the measured activity.

In the fuel corrosion experiments, no release of 79Se has been observed within the ex-
perimental margins of error. In carbonate-containing water under oxidizing conditions,
the uranium concentrations are in the order of 10-5 M. In the case of congruent dissolu-
tion, the selenium concentration would be 3·10-9 and 79Se would comprise one-tenth
of this. Wilson /1990a/ reports attempts to radiometrically analyze 79Se in experiments
conducted under oxidizing conditions and stipulates a detection limit for 79Se of
0.3 ng/ml. This corresponds to a selenium concentration of 4·10-8 M. With a half-life of
1.1·106 years instead of 65,000 years, the actual detection limit is 5 ng/ml or 7·10-7 M.
Wilson also observes that the concentrations of 79Se are below or around the detection
limit, which is to be expected in view of the low selenium content of the fuel.

Bruno et al /1997/ give a solubility for selenium of less than 10-9 M for reducing condi-
tions. The solution species for oxidizing conditions is selenate and for reducing condi-
tions HSe-. Solubility-limiting solid phases are the sequence from oxidizing conditions
to reducing conditions: calcium selenate, elementary selenium, FeSe2 and FeSe. The
selenides have very low solubilities. If selenium has been released by oxidation, it may
exist initially as selenate. The kinetics for reduction of selenate to selenide may be very
slow. The analogous reduction of sulphate to sulphide takes place in natural waters only
via sulphate-reducing bacteria.

Zirconium: Zirconium exists in solid solution in the fuel matrix and comprises approxi-
mately 0.5 percent of the irradiated fuel. It is released as the fuel oxidation/transforma-
tion proceeds. It is not redox-sensitive, but very poorly soluble. Bruno et al /1997/
recommend a solubility of approximately 2.5·10-9 M. The contribution to zirconium
in solution will in all probability be dominated by stable isotopes from the cladding
tubes, and the concentrations of radioactive zirconium will be very small. In Studsvik’s
series 11 /Forsyth, 1997/, the concentrations are below the detection limit, which is
around 1·10-9 M. The solution species is Zr(OH)4 for all pH values of interest, and
zirconium dioxide, probably amorphous, is the solubility-limiting solid phase.

Technetium: Most of the technetium in the fuel is located in metallic inclusions. The
release of technetium is indirectly dependent on the dissolution of the fuel matrix in
such a way that the inclusions are exposed to water as the surrounding fuel matrix is
dissolved. When the inclusions are exposed to water, their dissolution is largely depend-
ent on the dissolution of the fuel. Under reducing or anoxic conditions, technetium has
very low solubility, in the order of 10-8 M /Bruno et al, 1997/. This value agrees fairly
well with what has been observed in fuel corrosion experiments /Forsyth and Werme,
1992/. The dominant solution species are TcO(OH)2 with TcO2·xH2O as the solubility-
controlling solid phase.
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Under oxidizing conditions, when pertechnetate, TcO4
-, can be formed, solubility can

be very high, and no solubility limitation has been observed for technetium in fuel
corrosion experiments /Forsyth and Werme, 1992; Wilson 1990b/. In the presence of
Fe(II)-containing minerals, pertechnetate will be reduced to Tc(IV) /Cui and Eriksen,
1996/. The corrosion products (magnetite) on the cast iron insert are therefore expected
to efficiently reduce any Tc(VII).

Palladium: In the same way as in the case of technetium, most of the palladium in the
fuel is located in metallic inclusions and is assumed to be released in an analogous
fashion. Of the palladium isotopes that are formed by nuclear fission, only 107Pd is
radioactive. The 107Pd fraction of the entire palladium inventory is about 15 percent.
Palladium has very low solubility; Bruno et al /1997/ give a value in the range 10-8 to
10-9 M. In Studsvik’s series 11 /Forsyth, 1997/, the concentrations are below the detec-
tion limit, which is around 2·10-9 M. Pd(OH)2 is expected to be the dominant solution
species, and PdO is the solubility-limiting solid phase /Bruno et al, 1997/.

Tin: The fraction of tin in the fuel is around 160 ppm (50 MWd/kg U, PWR), of
which about 25 percent is 126Sn. As in the case of 79Se, calculated and measured 126Sn
values differ. The analyses give only 20 percent of the value calculated with Origen
/MCC 1988/. The half-life of 126Sn may also be underestimated, but unlike in the case
of 79Se the discrepancy is only a factor of 2 too low /Haas et al, 1996; Shengdong
Zhang et al, 1996/. In the fuel corrosion experiments, no release of 126Sn has been
observed within the margins of error. Wilson’s /1990a/ attempts to analyze 126Sn gave
values below or close to the detection limit for oxidizing conditions, as in the case of
79Se. Wilson gives a detection limit of 0.02 ng/ml, equivalent to a tin concentration of
6·10-10 M. This is of the same order of magnitude as the solubility of tin under reducing
conditions /Bruno et al, 1997/. Expected tin concentrations in solution, based on the
quantity of dissolved uranium, are in the order of 10-9 M.

The speciation of tin in solution depends primarily on the pH. Sn(OH)4 dominates at a
pH of around 8, while Sn(OH)5

- dominates at a pH of 9. The solubility-limiting phase
is SnO2 /Bruno et al, 1997/.

Neptunium: The concentration of neptunium (mainly 237Np) increases with burnup
and is around 0.08 percent for high-burnup fuel after several decades of decay, after
which it increases to a few tenths of a percent. Neptunium in the form of neptunium
dioxide is assumed to be in solid solution with the uranium dioxide and will be able to
be dissolved as the uranium dioxide is dissolved or transformed. Data are available for
neptunium from fuel corrosion experiments under both oxidizing and anoxic condi-
tions. Wilson reports for series 2 /1990a/ log[M] = -8.6 at 25oC and series 3 /1990b/
log[M] = -8.9 at 25oC and log[M] = -9.1 at 85oC. Studsvik has for series 11, an experi-
mental series performed on a segment rod with a burnup varying from 21.2 to 49.0
MWd/kg U along the length of the rod, a mean value of the neptunium concentration
of log[M] = -9.1 for oxidizing conditions and log[M] = -10.4 for anoxic conditions
/Werme and Spahiu, 1998; Forsyth, 1997/. The concentrations show no correlation
with the neptunium content of the fuel specimens, which could indicate some form of
solubility control. The concentrations for oxidizing conditions agree fairly well with
calculated values for reducing conditions /Bruno et al, 1997/, while for anoxic condi-
tions the measured concentrations lie two orders of magnitude below calculated levels.

For the redox potentials and pHs that prevail in granitic groundwaters, Np(OH)4 is the
dominant solution species. The solubility-limiting solid phase is Np(OH)4(am) /Bruno
et al, 1997/. In a similar fashion as for technetium, oxidized Np will initially be reduced
to Np(IV) on the cast iron insert’s corrosion products /Cui and Eriksen, 1996/.
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Plutonium: The fraction of plutonium in irradiated nuclear fuel lies just under one
percent, relatively independent of burnup, since nuclear fissions of plutonium largely
offset new production at even moderate burnups. Plutonium in the form of plutonium
dioxide is assumed to be in solid solution with the uranium dioxide and will be able to
be dissolved as the uranium dioxide is dissolved or transformed. Data are available for
plutonium from fuel corrosion experiments under both oxidizing and anoxic conditions.
Wilson reports for series 2 at 25 °C /1990a/ log[M] = -8.4 for a PWR fuel with a
burnup of 30 MWd/kg U and log[M] = -9.1 for a PWR fuel with a burnup of 27
MWd/kg U. For series 3 /1990b/ the values are log[M] = -8.4 at 25 °C and log[M] =
-10.4 at 85 °C. In Studsvik’s series 11, a plutonium value of log[M] = -8.6 was measured
for oxidizing conditions and log[M] = -10.1 for anoxic conditions /Werme and Spahiu,
1998; Forsyth, 1997/. The concentrations for anoxic conditions agree well with calcu-
lated levels / Bruno et al, 1997/. Bruno et al /1997/ give Pu(OH)4 as the dominant
solution species for conditions prevailing in granitic groundwater with Pu(OH)4(am) as
the solubility-limiting phase.

In earlier experimental series (series 3 and 7), the plutonium concentrations at the first
contacts have been approximately one order of magnitude higher than has been meas-
ured for later exposures to water /Forsyth and Werme, 1992/. The same tendency exists
for series 11, but less pronounced. For series 3 and 7 the plutonium concentrations,
log[M] = -9.1, were for water contacts after the first 200 days. This is slightly lower
than in series 11, where the equivalent value is log[M] = -8.7. For fuel with extremely
low burnup, 0.5 MWd/kg U, where the plutonium content is only one percent of the
content in normal fuel, 239Pu concentrations of log[M] = -8.9 were measured /Forsyth
and Werme, 1992/. This value agrees well with plutonium concentrations measured in
experiments with higher plutonium contents and would therefore indicate a solubility
limitation for the plutonium release. The plutonium content of the low-burnup fuel
is near the congruent quantity for the quantity of dissolved uranium. The possibility
that the concentration is controlled by the uranium dissolution can therefore not be
ruled out. In deionized water the plutonium concentrations for series 3 and 7 were
log[M] = -7.9 /Forsyth and Werme, 1992/ and for series 11 log[M] = -7.7. For series 11,
only 7 experiments have been carried out at neutral pH.

Americium and curium: The fractions in the fuel of the trivalent actinides americium
and curium are burnup-dependent and are around 0.09 percent and 0.02 percent, re-
spectively, for high-burnup fuel (50 MWd/kgU /MCC, 1988/).

Americium is difficult to analyze in solutions that have been in contact with fuel, both
radiometrically and by mass spectroscopy, due to overlap between 241Am and plutonium
isotopes. Wilson /1990a, 1990b/ analyzes americium radiometrically after separation
and notes the large scatter between data and the fact that filtration of the solution
greatly affected the concentrations. Wilson’s conclusion is that most of the americium is
particles or colloids. This is not unreasonable, since it is known that americium sorbs
strongly. Wilson reports concentrations of log[M] = -9.8 for 25°C and log[M] = -12.3
for 85°C in carbonate-containing water.

The quantity of americium congruent with uranium would have given concentrations
of around log[M] = -8. Bruno et al /1997/ calculate the solubility of americium to be
10-7 M. The much lower measured concentrations suggest that americium cannot be
solubility-limited by a pure americium phase. The possibility that the measured concen-
trations are greatly influenced by sorption cannot be ruled out.
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Bruno et al /1997/ name Am(OH)2
+ or AmCO3

+ as the solution species, depending on
the carbonate concentration in the groundwater. The solubility-limiting phase is
AmOHCO3.

Wilson /1990a, 1990b/ has determined the curium concentrations by means of direct
alpha spectrometry. Curium behaves in a manner similar to americium. Data are very
scattered, and the concentrations are influenced strongly by filtrations. Wilson gives as
approximate concentrations of curium log[M] = -11.3 at 25°C and log[M] = -14.2 at
85°C. Studsvik has routinely analyzed curium by alpha spectrometry, but the results are
not normally evaluated. A preliminary reporting of curium concentrations was done by
Forsyth et al /1988/. The concentrations were low, log [M] = -11.2, which agrees well
with Wilson’s data.

Bruno et al /1997/ give Cm(OH)2
+ as the solution species and CmOHCO3 as the solu-

bility-limiting phase.

Colloid formation: In the experiments at Studsvik, a fraction of the leachate from each
experiment was filtered through a membrane filter that only passes aggregates smaller
than 15–20 Å. The purpose of the filtrations was to try to determine the fraction of
colloids in the leachates. It is unclear whether the material on the filter represents
colloids. The large scatter in data, from a few microns up to a hundred microns, may
be an indication of the fact that the material on the filter is dominated by larger parti-
cles than colloids /Forsyth, 1997/. The median value for uranium can be estimated to
be around 20 μg/200 ml (0.1 ppm), to be compared with a few ppm for the concentra-
tions of uranium in solution under oxidizing conditions. For anoxic conditions, less data
are available and the median value is also slightly lower. The quantities of uranium on
the filters and in solution are comparable and in the order of tens of ppb.

Time perspective

Throughout the life of the repository.

Natural analogues

Not applicable.

Summary of uncertainties

Calculations of solubilities for application in safety assessment are always made with a
certain measure of pessimism and are thus never an attempt to simulate real systems.
The intention is instead to determine a defensible upper limit for the solubility of the
element in question, based on known and well-defined solubility-limiting phases. The
modellings that are done are, on the other hand, realistic simulations of the given sets of
input data.

The uncertainties in the calculated solubilities with respect to input data are discussed
in Bruno et al /1997/. It is above all redox conditions, pH, carbonate concentration and
temperature that influence solubility. The solubility of some radioelements is not at all
affected by reasonable variations of these parameters, but most are affected by at least
one. Besides uncertainties in input data, uncertainties in the thermodynamic database
used are also discussed, as well as the uncertainties in the calculation programs used for
the calculations.
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Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: Solubilities according to Anderson /1999/, are used. They
are taken from Bruno et al /1997/.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. The effects of modified hydrogeochemical conditions may need to be investi-
gated. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

2.7.9 Helium production

Figure 2-16. Helium production.

Overview, general description

α particles (helium nuclei) from α decay in the fuel form gaseous helium after they
have been slowed down in the fuel matrix. Around a fuel rod with an intact cladding
tube, this leads to a pressure build-up inside the tube, which can in turn lead to me-
chanical tube rupture, see section 2.6.1. If the cladding tubes are damaged, a negligible
pressure increase arises in the canister cavity.

Model studies/experimental studies

The pressure increase lies in the range 10 to 20 MPa in 100,000 years, based on a void
of 20 cm3. If this pressure should lead to rupture of the cladding tubes, the pressure
increase in the void in the canister would be in the order of 0.1 MPa, which is com-
pletely negligible.
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Time perspective

The helium build-up proceeds continuously as long as there is uranium left in the fuel.

Natural analogues

Not applicable.

Summary of uncertainties

No conceptual uncertainties.

The uncertainties concern when cladding tube rupture occurs due to the pressure build-
up. The pressure build-up is slow at the same time as the Zircaloy cladding ages.

Handling in the safety assessment

Base scenario: A pessimistic assumption is that all fuel rods are so severely damaged
that helium can leak out to the void in the canister insert.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

2.8 Radionuclide transport

Figure 2-17. Radionuclide transport in fuel/canister.

4 19-1476
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Overview, general description

If water enters a damaged canister, corrosion of the cast iron insert and the fuel’s metal
parts begins, see section 3.7.1 and 2.7.4. With time, the evolution may allow water to
come into contact with the fuel and thereby cause radionuclides to be released as water-
soluble species or colloids, sections 2.7.5 and 2.7.8. Radionuclides are also present in
the metal parts of the fuel and are released when they corrode.

Released radionuclides can be transported in the interior of the canister and exit
through a damaged copper shell. Radionuclides dissolved in water inside the canister
can be transported either by accompanying any movements of the water, advection, or by
diffusing in the water. Transport in water is the predominant mode of transport of
radionuclides. Some nuclides may occur in gaseous form in the canister and may then
also be transported in the gas phase. This is particularly true of C-14, Rn-222 and Kr-85.

The geometry of the transport pathways in a damaged canister is determined by the
original geometry of the canister and the fuel and by the changes to which the corro-
sion has led. In order for water to come into contact with fuel and permit release and
transport of radionuclides, there must be penetrating breaches in both the cast iron
insert and the Zircaloy cladding. Even if such breaches have occurred, the remaining
structures can be expected to constitute considerable transport barriers, both to inflow
of water (section 2.5.1) and to outward transport of water-dissolved nuclides. The
structure of the four-metre-long cladding tubes, the other metal parts of the fuel, the
cast iron insert and the copper canister prevent effective transport. Products from the
corrosion of the cast iron insert in particular can also be expected to obstruct transport.
The surfaces of all of these structures may also have good sorption properties for certain
radionuclides.

Model studies/experimental studies

No direct studies of radionuclide transport are known for the conditions that are ex-
pected in a damaged canister. General knowledge concerning such processes as
advection, diffusion and sorption is good, however, and the processes have been thor-
oughly studied.

Time perspective

After the copper shell has been breached, radionuclide transport in the interior of the
canister is a relevant process in all of the safety assessment’s time perspectives.

Uncertainties

The uncertainties surrounding water/gas flux in the interior of the canister (section
2.5.1), corrosion of the cast iron insert (section 3.7.1) and corrosion of the metal parts
in the fuel (section 2.7.4) are particularly great. An assessment of the geometric condi-
tions and thereby the geometry of the transport pathways is therefore also uncertain.
The sorption properties of the materials in a damaged canister are also difficult to
assess.

Radionuclide transport in the interior of the canister is therefore simplified pessimisti-
cally in the safety assessment, see below.



SR 97 – PROCESSES IN REPOSITORY EVOLUTION – TR-99-07 51

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: Radionuclide transport in the interior of the canister is
simplified for modelling purposes in the following way: After a given waiting period has
passed since the breach of the canister’s copper shell, the entire void in the canister on
closure, about 1 m3, is assumed to be filled with water. The length of the waiting period
is determined on the basis of the size of the breach in the copper shell and the subse-
quent water flux and corrosion.

After the waiting period, all water in the canister is assumed to be available for the fuel
dissolution process, i.e. to be in direct contact with all fuel without being impaired by
Zircaloy cladding or other structures. The water is assumed to be thoroughly mixed, i.e.
there are no concentration differences between different parts of the interior of the
canister. The fuel dissolution process then determines the rate of release of matrix-
bound radionuclides. Segregated nuclides and radionuclides in the structural parts of
the fuel are assumed to be available for dissolution in water immediately after the end
of the waiting period. Sorption of radionuclides to the internal parts of the canister is
neglected.

Transport of radionuclides through the breach in the copper shell is modelled as diffu-
sion with an assumed geometry of the breach.

The modelling is carried out using the transport model COMP23 /Romero et al, 1999/,
integrated with modelling of fuel dissolution, precipitation/dissolution of solubility-
limited radionuclides and chain decay. Transport through the buffer/backfill and out to
the surrounding geosphere is also handled in the same model.

The micropores in the buffer are expected to prevent all transport of colloids out of the
canister. Colloid transport in the interior of the canister is therefore not dealt with,
provided that the buffer completely envelops the canister.

Radionuclide transport in the gas phase is handled by approximate calculations.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
If the effects of an earthquake also lead to a situation where the buffer no longer com-
pletely envelops a damaged canister, transport of fuel colloids must also be discussed.
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3.1 Description of cast iron insert and copper canister

3.1.1 General

The canister consists of an inner container of cast iron and a shell of copper, Figure
3-1. The cast iron insert provides mechanical stability and the copper shell protects
against corrosion in the repository environment. The copper shell is 5 cm thick and the
canister takes the form of an approximately 4.8 metre tall cylinder with a diameter of
1.05 metres.

3 Cast iron insert/copper canister

Figure 3-1. Copper canister with cast iron insert.
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The insert has channels where the fuel assemblies are placed and is available in two
versions: one for 12 BWR assemblies and one for 4 PWR assemblies. The fuel channels
are fabricated in the form of an array of square tubes. The walls and bottom of the
inner container are then fabricated by casting spheroidal graphite iron around the
channel array.

The copper canister is fabricated either of drawn seamless tubes or by welding together
two tube halves of rolled plate. A bottom is attached by an electron beam weld in such
a way that the weld can be examined by ultrasonic and radiographic inspection.

After fuel has been placed in the canister, the insert is closed with an O-ring-sealed lid
which is fastened with a bolt. The copper shell’s lid is then attached by an electron
beam weld, and leaktightness is tested by ultrasonic and radiographic inspection.

The canister weighs a total of about 25 tonnes when filled with 12 BWR assemblies.
A canister holds about two tonnes of fuel. It is assumed in SR 97 that approximately
8,000 tonnes of fuel will be disposed of, equivalent to around 4,000 canisters.

3.1.2 Overview of variables

The subsystem cast iron insert/copper canister is described geometrically by the canis-
ter geometry.

The cast iron insert and copper canister are characterized radiation related by radiation
intensity (mainly γ and neutron radiation) and thermally by temperature. Mechanical
stresses and material compositions for insert and canister characterize the subsystem
mechanically and chemically.

All variables are defined in Table 3-1.

Table 3-1. Variables in copper canister/cast iron insert.

Geometry Geometric dimensions for the canister components. This also includes a
description of any fabrication defects in welds etc.

Radiation intensity Intensity of α-, β-, γ- and neutron radiation as a function of time and space in
the canister components.

Temperature Temperature as a function of time and space in the canister components.

Mechanical stresses Mechanical stress as a function of time and space in the canister components.

Material composition Material composition of the canister components.

3.2 Overview of processes

Some of the radiation that reaches out into the canister is converted to thermal energy
by radiation attenuation. Heat transport takes place by conduction inside the insert and
the canister and to a large extent by radiation between these two parts.

Hydraulic processes can occur in the cavities that exist between canister and fuel and
between cast iron insert and copper canister and are dealt with in the subsystem fuel/
cavity.

Mechanically, the insert and the canister can be deformed by external loads. Furthermore,
thermal expansion occurs, changing the cavity between insert and canister.
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An important chemical process is external copper corrosion; stress corrosion cracking could
also occur in both copper canister and cast iron insert. The materials could be changed
by radiation effects. If water enters, corrosion of the cast iron insert (causing hydrogen
formation) and galvanic corrosion will occur.

Radionuclide transport in the canister cavity is dealt with in the subsystem fuel/cavity.

The THMC diagram for cast iron insert/copper canister is given in Figure 3-2.

Figure 3-2. THMC diagram for cast iron insert/copper canister. Processes in italics only
occur when the isolation of the copper canister is broken.
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3.3 Radiation-related processes

3.3.1 Radiation attenuation/heat generation

Figure 3-3. Radiation attenuation/Heat generation.

Overview, general description

The γ- and neutron radiation from the radioactive disintegrations in the fuel that
reaches out into the canister interacts with the materials in the cast iron insert and the
canister. Energy is thereby transferred to the materials and the radiation is attenuated.
Most of the transferred energy is converted into thermal energy: heat generation.

In the case of α- and β- disintegrations, most of the radiation remains in the fuel due to
the fact that the radiation is largely attenuated by the fuel itself. In the case of γ radia-
tion, some of the surplus energy will leave the fuel and be attenuated by the canister
materials, generating heat in the canister material. This fraction is estimated to com-
prise less than 10 percent of the total heat output.

Model studies/experimental studies

Calculations of the canister’s radiation attenuation (dose rate calculations) have been
performed by Håkansson /1995a; 1996/.

Time perspective

At first the γ-radiation is dominated by decay of 90Sr and 137Cs. These isotopes have a
half-life of approximately 30 years, in other words the radiation intensity is halved every
30 years.

Natural analogues

Not applicable.

Summary of uncertainties

Both our fundamental understanding and the available data are sufficient for the needs
of the safety assessment.
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Handling in safety assessment

Base scenario: Calculations of radiation shielding in the canister. Heat generation in
the canister materials is of no importance for the temperature distribution in the near
field shortly after deposition and onward.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

3.4 Thermal processes

3.4.1 Heat transport

Figure 3-4. Heat transport.

Overview

Heat is transported in the metal in the cast iron insert and copper canister by conduc-
tion. The transfer from steel to copper takes place mainly by radiation. The process is
controlled by and influences the temperature distribution in the materials. The heat
flow towards adjacent subsystems (fuel and buffer) comprises boundary conditions.
The process is a part of the repository’s thermal evolution.

General description and model studies/experimental studies

It is assumed that the canister will be sealed either with the residual air in the canister
or after evacuation of the residual air. This means that the heat transfer from the fuel
bundles to the cast iron insert takes place by heat conduction and radiation or solely by
radiation. The heat transfer between cast iron insert and copper canister takes place by
radiation, since electron beam welding requires a vacuum in this space, and heat con-
duction through the bottom contact between insert and copper canister.
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Temperature calculations have been carried out for the different situations to which the
canister will be exposed during handling, from sealing of the lid to deposition /Ren-
ström, 1997; Bjurström and Bruce, 1997; 1998/. The thermal conductivity of iron and
copper is so good that very small temperature differentials arise within the metal com-
ponents.

The biggest temperature differential between the components in the canister is expected
between the canister insert and the copper canister. Since heat transfer takes place by
radiation, it is very dependent on the condition of the copper surface.

Calculations were carried out with the cautious assumption that the total amount of
heat generated in the canister by radioactive decay was 2855 W, equivalent to a burnup
of 55 MWd/kgU and a decay time of 30 years /Knopp, 1996/.

In calculations where only the radial heat flow was considered, the external temperature
on the fuel rods was up to 405°C. The temperature on the canister insert was over
370°C if the surface temperature on the canister was set at 90°C and the emissivity of
the copper surface was assumed to be 0.03. This emissivity corresponds to a smooth and
clean copper surface. If the emissivity was assumed to be 0.10, the corresponding tem-
perature was around 300°C on the fuel and around 265°C on the canister insert.

If the axial heat flow was also taken into account, in other words the cooling of the
canister insert through the bottom contact between canister and insert, the correspond-
ing temperatures on the fuel were about 350°C and 280°C, respectively, for emissivities
of 0.03 and 0.10. The temperature in the canister insert will vary in the axial direction
between just over 90°C in the bottom to 300°C in the top at an emissivity of 0.03.

Time perspective

Heat generation is halved every 30 years during the initial post-closure period. The
highest temperatures and the greatest heat flows occur shortly after deposition and
closure.

Natural analogues

Not applicable.

Summary of uncertainties

Assumptions regarding the emissivity of the copper surface (the material’s capacity to
emit electromagnetic radiation) are completely decisive for the calculation result. A
smooth and clean copper surface has an emissivity of 0.03. A doubling of the emissivity
would lead to a reduction of the temperature on the fuel cladding by 70°C. With the
model that has been used, the result is completely controlled by the assumption regard-
ing the copper’s emissivity. Calculations taking into account the heat transfer through
the bottom contact between insert and copper canister also show that the assumptions
made regarding the emissivity of copper are decisive for the calculation result.
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The great uncertainty when it comes to the temperature calculations lies in the assump-
tions regarding the heat transfer between the copper surface on the canister and the
buffer in the deposition hole before water saturation. A reasonable estimate of the
temperature distribution in fuel and canister requires better knowledge of the heat
transfer between canister and buffer during the water saturation phase.

Handling in the safety assessment

Base scenario: Account of separate analyses as above. This process is not studied ex-
plicitly in the integrated model calculation.

Canister defect scenario: Since the heat transport described above applies to the
period prior to water saturation of the buffer, no extra calculations need to be done for
this scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

3.5 Hydraulic processes

Water and gas flux in the interior of the canister is described in the chapter that deals
with processes in the fuel/canister cavity. Therefore, no hydraulic processes are de-
scribed here.

3.6 Mechanical processes

3.6.1 Introduction

Solid materials that are subjected to mechanical loads can behave in different ways. An
elastic material deforms under load, only to resume its original shape when the load is
removed. The deformation, for example a strain, is proportional to the applied stress
(force per unit area).

Outside the elastic range, the material undergoes a permanent shape change, a plastic
deformation, when the external forces are removed. The stress at which a significant
plastic strain occurs is called the material’s yield stress or yield strength.

Structural changes caused by the deformation cause a hardening of the material (strain
hardening or work hardening), which means that progressively higher stresses must be
used to further strain the material. These changes eventually lead to failure. If the strain
at failure is great compared with the elastic strain, the material is said to be ductile.
Otherwise the material is regarded as brittle. Failure strain (ultimate elongation) is used
as a measure of ductility.

Creep is a continuous deformation with time. As a rule of thumb, metals begin to creep
at temperatures between 0.3TM and 0.4TM, where TM is the melting temperature of the
metal in Kelvin.
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3.6.2 Deformation of cast iron insert

Figure 3-5. Deformation of cast iron insert.

Overview

When the canister is loaded mechanically, for example when the buffer swells, stresses
will be built up in the canister material, which deforms elastically at first and, if the
stresses are great, plastically as well. The size of the deformation at a given load is
dependent on the strength of the cast iron insert, which is determined by its material
properties and geometry. At extreme loads the cast iron insert will collapse.

The cast iron insert is the most important mechanical barrier in the repository. If it
collapses, a number of safety functions are jeopardized. The process is therefore of
central importance to the function of the repository.

General description

Under normal conditions in the deep repository, the cast iron insert will be subjected to
an external load of 14 MPa, composed of a maximum swelling pressure from the ben-
tonite of 7 MPa and a maximum water pressure of 7 MPa. The pressure can be re-
garded as isostatic, i.e. equally large over the entire surface. A canister can be subjected
to increased load during an ice age. An ice cover about 3,000 m thick floating on the
groundwater gives an increase of 27.5 MPa. The pressure can be regarded as isostatic in
this case as well. These loads primarily give rise to compressive stresses in the canister.

As the bentonite becomes water-saturated, uneven pressure situations can arise. They
may be associated with uneven water ingress or with oval or slightly curved deposition
holes. In some cases an uneven stress could possibly persist for a long time. Such loads
will, in addition to compressive stresses, also give rise to flexural stresses (tensile
stresses).
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Deviations from the normal load case can also arise due to flat (subhorizontal) rock
displacements across the deposition hole. The results are flexural and tensile stresses in
the canister insert. Extremely large displacements (several decimetres) lead to canister
failure.

A mechanical load also results from internal pressure build-up due to internal gas
formation caused by alpha decay. The large void in the canister will make the effects of
gas build-up negligible for all reasonable time periods.

If the copper canister is damaged so that water comes into contact with the canister
insert, this leads to corrosion, see section 3.7.1. The corrosion rate is low, but leads to a
progressive reduction in the mechanical strength of the insert. This will eventually lead
to failure. When and how this failure occurs depends on the extent of the breach, the
geometry of the corrosion attack and the load situation for the canister in question.

Model studies/experimental studies

The canister’s behaviour under isostatic load has been modelled. The results show that
the greatest contribution to the stability of the insert comes from the partitions between
the channels for the fuel assemblies.

In a uniaxial tensile test, the material will take maximum load at 16 percent logarithmic
strain. The failure strain is 22 percent linear strain, which is 20 percent logarithmic
strain. Nothing essential will happen with the behaviour of the canister until the canis-
ter’s “spokes” are plasticized. This takes place after 16 percent strain has been reached
in some part of the canister. A strain of 16 percent has therefore been chosen as the
collapse criterion to provide a pessimistic assessment of the canister’s resistance to
external pressure.

The critical pressure for the PWR and BWR variants of the canister insert has then
been calculated at 114 MPa and 80 MPa, respectively /Ekberg, 1995/. This should be
compared with the greatest load to which the canister is assumed to be subjected in the
repository in connection with an ice age: 41.5 MPa.

Uneven pressure build-up in the bentonite can occur both during and after water satu-
ration. For the water saturation phase, three loads cases have been check-calculated by
the handbook /Werme, 1998/.

1) The canister is rigidly fixed at its end surfaces and along one-tenth of the length of
the cylindrical surface nearest the end surfaces. An evenly distributed horizontal load
corresponding to fully developed bentonite swelling pressure acts along one side of
the remaining canister surface.

2) The canister is supported at points situated one-tenth of the length of the cylindrical
surface from the ends. An evenly distributed horizontal load corresponding to fully
developed bentonite swelling pressure acts along one side of the remaining canister
surface.

3) The canister is rigidly fixed at one end surface and along one-fifth of the length of
the cylindrical surface nearest the end surfaces. An evenly distributed horizontal load
corresponding to fully developed bentonite swelling pressure acts along one side of
the remaining canister surface.

5 19-1476
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If the canister is tilted or inclined in the deposition hole, or if the rock is uneven, a
permanent pressure disequilibrium can arise in the bentonite even after water saturation
with full water pressure and ice load. The following two cases have therefore also been
calculated /Werme, 1998/:

4a) The swelling pressure is fully developed on one side of the canister’s cylindrical
surface and on the end surfaces. On the other side of the cylindrical surface, the
swelling pressure is 20 percent elevated along the central half and 20 percent re-
duced along the remaining quarters at the ends of the canister.

4b) Equivalent load cases, but where the swelling pressures are 50 percent higher and
lower, respectively, are to be regarded as extreme cases for which no extra safety
margins are required.

The results of the simple handbook calculations were that the yield strength of the cast
iron insert (240 MPa) is not reached in cases 1, 2, 4a or 4b, while case 3 leads to col-
lapse of the canister insert. FEM calculations have therefore been carried out for cases 2
and 3, where the material properties of the bentonite have also been taken into account
to give a more realistic load on the canister /Börgesson and Hernelind, 1998/. The
largest tensile stresses in the canister insert were then found to be lower than 55 MPa,
which is below the yield strength of the cast iron insert.

Corroding canister insert: The consequences of a breach in the copper canister lead-
ing to corrosion of the copper insert have been investigated by Bond et al /1997/. In the
analyzed case, the corrosion rate of the insert has been set to 0.1 μm per year and the
original breach in the copper shell is so small that corrosion initially takes place on a
limited area around the breach. After more than 200,000 years corrosion spreads to the
entire surface of the insert after the copper shell has yielded to the pressure from the
corrosion products. Up to that time the mechanical strength of the canister insert will
not be appreciably reduced. Analyses have not been performed for longer periods.

Earthquake: Börgesson /1992/ has carried out calculations for a self-supporting steel
canister with a cast iron insert with a diameter of 0.59 m and for rock movements of 0.1
m. The canister insert had a calculated collapse pressure of 60 MPa, i.e. slightly less
than for the cast iron insert. The results showed that the shear movement did not lead
to canister failure. The cast iron insert in its present design is deemed to have at least as
good properties in this respect.

Time perspective

The pressure build-up to 14 MPa is expected to take from a few years to a few decades.
The time perspective for climate-controlled changes is determined by the premises for
the climate scenario.

Natural analogues

Not applicable.
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Summary of uncertainties

The calculations are carried out for a canister insert of solid spheroidal graphite iron
and must be considered reliable for the calculated situations. The principal uncertainties
as regards canister strength stem from possible deviations from ideal conditions, unde-
tected casting defects or deviations from the sought-after material properties for the
spheroidal graphite iron.

Ekberg’s /1995/ calculations show that significant casting defects can be tolerated with-
out canister strength being degraded so that the critical load is lower than 45 MPa.
Other variations and actual outcomes from fabrication cannot be determined until trial
series of canister inserts have been evaluated.

Corroding canister: In the corrosion case there are uncertainties with regard to the
mechanical properties of the corrosion products. There are also uncertainties with
regard to the behaviour of the canister insert under loading caused by the growing
corrosion products after corrosion has progressed from a local attack to corrosion over
the entire surface of the insert. An experimental study of the corrosion products and of
the forces which the corrosion products will exert on the copper canister and the canis-
ter insert is under way.

Earthquake: Even if the canister insert will remain intact in the face of the postulated
shear movement in the rock, uncertainties remain concerning its behaviour over long
periods of time if the copper shell has been deformed as a result of the shear movement.

Handling in the safety assessment

Base scenario: The above calculation cases are discussed in the account of the reposi-
tory’s mechanical evolution.

Canister defect scenario: The results from /Bond et al, 1997/ are discussed in the
account of the mechanical evolution of a damaged canister and are used as a basis for
modellings of canister damage in radionuclide transport calculations.

Climate change: The above calculation cases that concern glaciation are discussed in
the account of the repository’s mechanical evolution. The behaviour of an initially
damaged canister during an ice age depends on the scope of the original breach and
assumptions concerning corrosion attacks.

In the case of small initial breach which only leads to local corrosion attacks in the area
around the breach, the strength of the canister will remain sufficient to withstand an ice
load /Bond et al, 1997/.

Earthquake: In SR 97 it is pessimistically assumed that rock movements that lead to
greater displacements in a deposition hole than 10 cm lead to canister penetration. The
probability and consequences of this are dealt with in the earthquake scenario.
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3.6.3 Deformation of copper canister from external pressure

Figure 3-6. Deformation of copper canister from external pressure.

Overview, general description

The purpose of the copper canister is to be a corrosion barrier. The mechanical
strength of the copper canister is of subordinate importance, but the canister must
withstand the loads associated with handling, transport and deposition. The copper
material must also possess sufficient ductility to allow the strains in the material that
occur when the canister is deformed by the external load against the insert, either
plastically or by creep.

Two consequences of this process need to be analyzed for the safety assessment: The
mechanical stress on the copper canister, and changes in the size of the gap between the
copper canister and the cast iron insert. The latter is of importance for the course of
events if water should enter the canister.

Model studies/experimental studies

Calculations of stresses and strains in the copper canister after full pressure (14 MPa)
has built up in the repository have been performed by Cakmak /1994/ and Börgesson
/1992/.

Cakmak /1994/ presumed a rapid pressure build-up where full hydrostatic pressure had
developed within an hour. The conclusions of the calculations were that:

• The copper shell is fully plasticized and contact occurs between the insert and the
copper shell as a consequence of the external pressure. The lid is partially plasticized.

• The maximum strain, which is a few percent, occurs locally on the inside of the shell
near the transition to the lid and is caused by plastic deformation. The strain due to
creep in the copper is negligible.

• The axial and tangential tensile stress lies around the yield stress and occurs, among
other places, on the outside of the shell opposite the inner corner in the shell/lid
transition and in the centre of the lid.
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Handbook calculations have also been carried out for two cases where the swelling
pressure is fully developed around the lower half of the canister, while the swelling
pressure is 20 percent and 50 percent, respectively, around the upper half. The resulting
upward force, caused by the differences in pressure against the end surfaces of the
canister, is balanced by a shear force along the lower half of the copper canister. Calcu-
lations show that these load cases give rise to axial stresses in the copper wall equal to
8.4 and 21 MPa, respectively /Werme, 1998/. These are low stresses compared with the
yield stress of the copper material, which is 45 MPa.

Time perspective

The copper canister will be deformed in towards, and receive support from, the cast
iron insert. The timescale is determined by the timescale for water uptake in the buffer
and the time to develop full swelling pressure and full water pressure. In reality, this
time is much longer than has been assumed in Cakmak’s calculation, and the pressure
build-up probably takes place over the course of years.

Natural analogues

Not applicable.

Summary of uncertainties

The principal uncertainties pertain to the loading of the canister from the swelling
buffer. If the loading is very rapid (weeks to months), the copper canister will mainly be
deformed plastically. Otherwise creep deformation may also be of importance, but is
difficult to quantify. Furthermore, there are still uncertainties around the extrapolation
and modelling of the creep deformation of the copper canister. At fully developed
swelling pressure, the gap between canister and insert is expected to have been closed,
except in areas near the bottom and lid.

The creep properties of the copper canister are also of importance for the deformation
of the canister as a result of the build-up of corrosion products in the gap. This is dealt
with in section 3.6.5.

Handling in the safety assessment

Base scenario: The copper canister is deformed according to Cakmak. The remaining
gaps between canister and insert at the bottom and lid of the canister (2 mm over a
distance of about 20 cm) are expected to be permanent. Contact between the insert and
the shell is expected along the cylindrical surface.

Canister defect scenario: In the canister defect scenario, the size of the gap is of
crucial importance for the course of events. The gap size is chosen to be 1 mm along
the cylindrical surface.

Climate change: See base scenario.

Earthquake: See base scenario.
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3.6.4 Thermal expansion (both cast iron insert and copper canister)

Figure 3-7. Thermal expansion.

Overview, general description, model studies/experimental studies

The gap between the cast iron insert and the copper shell may expand/close due to
thermal expansion/contraction. If the gap is closed, further cooling gives rise to tensile
stresses in the copper shell.

In the current design, the size of the gap between the cast iron insert and the copper
canister is 2 mm. At the highest temperature calculated to arise in the canister and the
insert, the linear expansion caused by the temperature difference between these two
components can give rise to strains in the copper shell of  0.1%. Even if the strains are
slightly greater locally, this is negligible from a strength viewpoint. It is moreover
unlikely that the greatest temperature differences will be able to persist when the insert
comes into contact with the copper shell.

Time perspective

Heating to the maximum temperature takes place very quickly after deposition. Cooling
to the ambient temperature takes hundreds to thousands of years.

Natural analogues

Not applicable.

Summary of uncertainties

The uncertainties that exist concern the heat transfer between fuel, insert and copper
canister and the temperature differences that arise between the different components
before a steady state has been achieved. The size and importance of these temperature
differences must be determined experimentally. At large temperature differences, axial
tensile forces can arise in the copper shell.
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Handling in the safety assessment

Base scenario: The process is discussed briefly in connection with the description of
the repository’s mechanical evolution.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

3.6.5 Deformation from internal corrosion products

Figure 3-8. Deformation from internal corrosion products. Only applicable when the copper
canister is damaged.

Overview

If the copper canister should be breached, water or water vapour will be able to enter
into the gap between the canister insert and the copper shell and give rise to anaerobic
corrosion of the insert, see section 3.7.1. If the water is also able to penetrate inside the
lid on the insert, this will give rise to anaerobic corrosion of the inside of the channels
for the fuel assemblies as well.

In both cases, this leads to a build-up of corrosion products, which in turn gives rise to
mechanical stresses in the canister.
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General description

The sequence of events in this process is expected to be roughly as follows:

Water runs into the gap between the canister insert and the copper shell and into the
canister insert, with anaerobic corrosion as a result. This leads to hydrogen gas genera-
tion, which increases the pressure inside the canister, whereupon the inflow of water
decreases. After some time, the transport of water or water vapour into the canister by
diffusion will be greater than the leakage of water into the canister due to the pressure
difference. The time required for this varies with the size of the penetration in the
copper canister and the corrosion rate, and is for reasonable cases thousands of years.
The inward diffusion of water vapour will prevent corrosion from ceasing entirely.
The process leads to a slow build-up of corrosion products. These products occupy a
larger volume than the equivalent quantity of cast iron, and with time an internal
mechanical pressure is built up against the copper canister. This leads to local deforma-
tion and ultimately failure of the copper canister.

Model studies/experimental studies, time perspective

Different evolutions of an initial canister defect with subsequent corrosion of the canis-
ter insert have been modelled by Bond et al /1997/.

Regardless of the size of the canister penetration and the corrosion rate, a sufficiently
large hydrogen gas pressure is expected to have built up after some time to prevent
liquid water from entering the canister. After that, the corrosion will nevertheless be
able to continue due to the fact that water vapour can diffuse into the canister.

Bond et al /1997/ developed a model for this diffusion-limited corrosion. The purpose
was to predict how the solid corrosion products build up in the gap between insert and
copper canister. The model took into account the change in the size of the gap during
the corrosion process, possible change in the corrosion rate and the escape of corrosion-
generated hydrogen gas from the canister.

The gap is expected to eventually fill with magnetite, Fe3O4, and the calculations were
used to analyze the consequences of this for the strength of the canister. Two situations
were analyzed: one extreme case where the entire outside surface area of the insert
corroded, and one case where the corrosion was limited to an area around the original
defect. The latter case progresses into the former after the copper material around the
original defect begins to give way. This is calculated in the model to take around 20,000
years. From the time of the initial penetration, it takes at least 100,000 years before
more extensive damages arise on the copper canister, according to the calculations.

Natural analogues

Not applicable.

Summary of uncertainties

The modelling rests on assumptions regarding the properties of the corrosion products.
These are not verified experimentally. There are also uncertainties surrounding the
behaviour of the canister insert under loading caused by the growing corrosion products
after the corrosion has progressed from being a local attack to corrosion over the entire
surface area of the insert. An experimental study of the corrosion products and of the
forces the growth of the corrosion products will exert on the copper canister and the
canister insert is under way.
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Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: The calculation cases described above are discussed in the
account of the repository’s mechanical evolution. To handle the uncertainties in the
safety assessment, the process is illustrated with a pessimistically chosen case.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Changes in the composition of the groundwater may need to be discussed.
Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Changes in the inflow of water to the canister may need to be discussed if the buffer is
damaged. Otherwise: See the base scenario.

3.7 Chemical processes

3.7.1 Corrosion of cast iron insert

Figure 3-9. Corrosion of cast iron insert.

Overview, general description

Water in the canister cavity can corrode the cast iron insert. As a consequence of this
process, the cast iron insert’s integrity and mechanical strength may be jeopardized.
Another result is formation of gaseous hydrogen and solid corrosion products, which
can exert pressure against the copper canister.

The process is central to the canister’s hydraulic, mechanical and chemical evolution if
the copper shell should be damaged.

Corrosion caused by water inside an intact canister: The possibility cannot be ruled
out that some water is brought into the canister enclosed in fuel pins. After the oxygen
inside the canister has been consumed by corrosion, this water will give rise to anaero-
bic corrosion on the insides of the insert.
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Corrosion caused by water that has entered a defective canister: Groundwater at
repository depth is oxygen-free. The cast iron insert will therefore corrode anaerobi-
cally with hydrogen gas generation and formation of magnetite. The formed magnetite
is expected to consist of a thin adherent layer and an outer, looser layer with poor
adhesion. The transport resistance of the inner layer will determine the corrosion rate,
which is therefore expected to remain constant over long periods, see below.

The scope of the corrosion will be determined by the quantity of available water. The
corrosion rate of iron under anoxic conditions is dependent on the water composition
and the temperature. The corrosion products and the corrosion process affect the
chemical conditions inside the canister.

Model studies/experimental studies

Corrosion caused by water inside an intact canister: The fuel bundles will be dried
before being transferred to the canister, but some water may nevertheless be transferred.
A very pessimistic assumption would be that one fuel pin with maximum water fill is
transferred to each canister.

The scope of the corrosion this could cause can be modelled using a simple mass bal-
ance approach:

The total quantity of water that can be accommodated in the void in a fuel pin is 50 g.
If this water reacts solely with the iron in the canister and is pessimistically assumed to
form FeO, a maximum of about 150 g of iron could corrode away. This is equivalent to
a corrosion depth of less than 1 μm for the cast insert. This corrosion is assumed to
take place when the temperature in the canister is sufficiently high for water to be in
the gaseous phase. Pitting – i.e. local, deep corrosion attacks – can therefore not be
ruled out.

Corrosion caused by water that has entered a defective canister: Anaerobic corro-
sion of cast iron has been studied experimentally by Smart et al /1997/, who found that
the corrosion rate is very low and well below 1 μm/y after a few thousand hours, even
in the most aggressive water tested (Äspö groundwater KAS-03), see Table 3-2.

Table 3-2. Composition (ppm) of synthetic Äspö groundwater KAS-03.

Na+ K+ Ca2+ Mg2+ Cl- HCO3
- SO4

2- pH

3000 7 4400 50 12,000 11 710 7–8

In the reaction between cast iron and water, magnetite and hydrogen are produced. The
hydrogen production at the highest measured corrosion rate is 2 dm3/(m2·y). The total
internal surface area in the canister insert is approximately 33 m2, which means the
annual production of hydrogen would be 66 dm3 at the pressure at repository level
(500 m).
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The corrosion rate has proved to be independent of both the hydrogen gas pressure and
the concentration of Fe2+ in the system. This suggests that the corrosion rate is most
likely determined by the transport properties in the magnetite layer on the iron surface:

The magnetite consists of two layers: a thin, strongly adherent layer and an outer, looser
layer with poor adhesion /Blackwood et al, 1994/. Blackwood et al /1994/ explain the
formation of these two layers by saying that the adherent layer is formed directly on the
metal surface by the reaction:

3Fe + 4H2O → Fe3O4 + 4H2

while the looser layer is probably formed by a precipitation process:

Fe + H2O → Fe2+ + H2 + 2OH-

3 Fe2+ + 2OH- + 2H2O → Fe3O4 + 3H2

Due to the fact that magnetite forms these two layers, of which the adherent layer forms
very quickly and then does not increase further in thickness, the corrosion rate is ex-
pected to be constant over long periods of time.

The corroding iron insert will influence the water chemistry in the void in the canister
by generating high concentrations of dissolved hydrogen gas and small concentrations
of dissolved Fe(II). Calculations with EQ3/6 show that the solubility of Fe(II) in the
void in the canister is, as expected, dependent on the redox conditions, but can scarcely
be higher than 10-7 mole/dm3. The hydrogen will be dissolved to a concentration
equivalent to a hydrogen gas pressure of max. 14 MPa. The iron concentrations are too
low to be of any crucial importance for the water chemistry. The hydrogen can be
regarded as inert and, as mentioned above, has no influence on the corrosion process.

Time perspective

At a corrosion rate of 1 μm/y, metallic iron will be present for tens of thousands of
years. The length of time iron is present is inversely proportional to the corrosion rate.

Natural analogues

Not applicable.

Summary of uncertainties

Corrosion caused by water inside an intact canister: There are great uncertainties
surrounding the quantity of water that could conceivably be introduced into a canister
by mistake. By far most canisters will probably not contain any water. The uncertainties
here are of no importance, since the corrosion to which the water could at worst give
rise would be negligible.

Corrosion caused by water that has entered a defective canister: The uncertainties
regarding the corrosion rate are small, and the corrosion rate can be expected to be less
than 1 μm/y, with 0.1 μm/y being a likely value. The experimental investigations show
that if the protective magnetite layer is damaged, it will reform very quickly and the
measured corrosion rates can be assumed to apply even for long periods of time.
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Handling in the safety assessment

Base scenario: Even with a pessimistic assumption of 50 g water per canister, the
effects of the process can be neglected.

Canister defect scenario: The above material is used in an integrated description of
the evolution of a defective canister.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Changes in the composition of the groundwater may need to be discussed.
Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

3.7.2 Galvanic corrosion

Figure 3-10. Galvanic corrosion. Only applicable when the copper canister is damaged.

Overview, general description

If the copper shell is damaged and groundwater comes into contact with the cast iron
insert, electrochemical reactions on the copper surface will influence the corrosion of
the insert. The consequences of galvanic corrosion have been investigated by Blackwood
and Naish /1994/.

If the groundwater contains oxygen, the rate of steel corrosion may be up to three times
higher than without the galvanic coupling. The supply of oxygen through the buffer is
judged to be insufficient to permit any appreciable galvanic corrosion.

If the water is oxygen-free, the galvanic coupling will not be able to increase the corro-
sion rate by more than what corresponds to the increased area for reduction of water
contributed by the copper canister. This results in a possible doubling of the corrosion
rate. After a magnetite film has been formed on the iron insert, the galvanic coupling to
the copper canister will be irrelevant, since transport through the magnetite layer will
determine the corrosion rate.
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Model studies/experimental studies

See above.

Time perspective

Takes place after canister penetration.

Natural analogues

Not applicable.

Summary of uncertainties

It is not likely that oxygen-containing water will enter into the canister.

In anoxic (oxygen-free) water, the effects will be small and the uncertainties surrounding
the exact contribution made by galvanic corrosion are judged to be negligible compared
with the uncertainties in assessments of the corrosion rate. A cautious hypothesis for the
corrosion rate for anaerobic corrosion of the canister insert will cover any contributions
from galvanic corrosion.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: The influence of galvanic corrosion lies within the margins
of error for the corrosion rate of the iron and is therefore not dealt with, provided that
entering water is anoxic. If oxygen should be initially present, the scope of the corrosion
will be determined by the amount of available oxygen.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Changes in the composition of the groundwater may need to be discussed.
Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.
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3.7.3 Stress corrosion cracking of cast iron insert

Figure 3-11. Stress corrosion cracking of cast iron insert.

Overview

Stress corrosion cracking (SCC) on metals can occur under a combination of static
tensile stresses, special chemical environment and, in some cases, special metallurgical
conditions. Unfavourable combinations of these conditions can lead to the formation
and propagation of cracks. The propagation rate can vary over a wide range, from 10-9

mm/s to 10-1 mm/s.

In a canister with intact copper shell, nitric acid from radiolysis of residual quantities
of air could conceivably cause SCC in areas with tensile stresses in the cast iron insert
/Blackwood et al, 1995/.

General description, model studies/experimental studies

During the early phase after deposition and closure, the temperature of the insert nearest
the fuel will be over 150°C. At that temperature there is no water in liquid form in the
canister, and the relative humidity is too low for a water film to form on the metal sur-
face, even if water should have been brought into the canister trapped in a fuel rod. (The
largest quantity that could be brought into the canister in this manner is estimated to be
50 g, equivalent to the void in a fuel rod.) In order for a water film to form, a relative
humidity of approximately 40 percent is required. Under these conditions, nitric acid is
not stable but decomposes to NO2, which is the dominant radiolysis product in dry air
/Reed and Van Konynenburg, 1991a; 1991b/. In order for the water and the oxygen in
the canister not to be consumed during the time it takes for the temperature to drop so
that water/nitric acid can condense, the corrosion rate must be extremely low.

In order for SCC to occur, not only a corrosive environment but also tensile stresses in
the material are required. In the deep repository, the canister insert is under external
pressure and tensile stresses occur on the cast insert only locally and in small areas,
according to calculations /Ekberg, 1995/. It is therefore highly improbable that SCC
could lead to penetrating cracks in the canister, and above all that this would jeopardize
the integrity of the canister.
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Time perspective

It is estimated that an equilibrium concentration of nitric acid will have been reached a
few decades after closure of the canister. A similar timescale is judged to apply to the
risks of stress corrosion cracking.

Natural analogues

Not applicable.

Summary of uncertainties

The risks of SCC are deemed to be small, since only local areas in the insert have
tensile stresses. The greatest uncertainty concerns the quantity of water that may have
been introduced into the canister.

Handling in the safety assessment

Base scenario: Stress corrosion cracking, if it occurs, is deemed to be of no importance
for the life of the canister.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

3.7.4 Radiation effects

Figure 3-12. Radiation effects.

Overview, general description, model studies/experimental studies

Neutron radiation from the fuel can give rise to minor material changes in the cast iron
insert and copper canister.
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The effects of irradiation of the canister materials over a long period of time have been
discussed by Werme /1997/. The spent fuel will emit α, β, γ and neutron radiation over
a long period of time. Of these, only neutron radiation could possibly affect the mate-
rial properties of the canister materials. The effects of neutron irradiation of solid
materials have been known for a long time /see e.g. Billington and Crawford, 1961;
Porter, 1960/.

Neutron irradiation alters the mechanical properties of the material, increasing its
strength while reducing its ductility. An increase in strength is of no importance for the
canister, but diminished ductility could shorten the life of the canister in the repository.
A sensitive indicator of material changes is increase of yield stress during tensile testing.
For iron and copper, the changes in mechanical properties are small for a neutron
fluence of less than 1017 n/cm2. At a neutron fluence of 1018 n/cm2, the increase in yield
strength for steel is up to 10 percent /Porter 1960/. Based on calculations by Håkansson
/1995a and b/, the total (> 0.1 MeV) neutron fluence over 100,000 years can be pessi-
mistically estimated at less than 5·1014 n/cm2. This is several orders of magnitude lower
than is required for measurable changes in material properties (> 1017 n/cm2).

Neutron irradiation might also lead to the formation of activation products in the
canister insert. The activity quantities that could be formed are insignificant compared
with other activation products in the fuel components. The neutron flux in the fuel
during operation is approximately 1013 n/(cm2·s). The radiation dose to the canister
material is thus several orders of magnitude lower.

Time perspective

The neutrons come from spontaneous fission and from (α, n) reactions in the fuel. Both
phenomena diminish greatly with time, and 1,000 years after encapsulation the radiation
dose has declined by a factor of thirty /Håkansson, 1996/.

Natural analogues

Not applicable.

Summary of uncertainties

There is no uncertainty about the fact that the effects of neutron irradiation are insig-
nificant and can be completely neglected in an assessment of the performance of the
canister in the deep repository.

Handling in the safety assessment

Base scenario: The process is neglected.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.
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3.7.5 Corrosion of copper canister

Figure 3-13. Corrosion of the copper canister.

Overview

The outside of the copper canister is judged to be able to be corroded in a deep reposi-
tory by

• oxygen from the repository’s operating period

• oxygen brought in from the buffer or from the groundwater via the buffer

• nitric acid formed by γ-radiolysis of nitrogen compounds in moist air in the gap
between canister and buffer

• sulphide brought in from the buffer or from the groundwater via the buffer

The corrosion processes are marginally affected by the changes in temperature expected
in the deep repository. The results of corrosion are corrosion products and a change in
the thickness of the copper shell. After very long time spans the consequence is a breach
of the shell’s isolation.

General description, model studies/experimental studies

The copper shell is the canister’s corrosion barrier. It is supposed to provide protection
against corrosion in the repository for a long time after water saturation. It is also
supposed to provide protection against atmospheric corrosion before deposition and
after deposition before water saturation. No known forms of corrosion attack should be
able make the canister’s life shorter than 100,000 years.

6 19-1476
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After water saturation, oxygen will still be present in the canister’s surroundings. This
oxygen is consumed by reactions with the copper canister and by reactions with miner-
als in the bentonite buffer. When the oxygen is consumed, the reducing conditions that
prevailed before the repository was built are expected to be restored. The time this
takes has been estimated at 10 to 300 years /Wersin et al, 1994a/. During this time,
local corrosion in the form of pitting is also possible. These types of corrosion can lead
to locally much deeper corrosion attacks than the average corrosion. The scope of
pitting is often described by the pitting factor, which is the ratio between the greatest
corrosion depth and the depth of the general corrosion.

When the water is reducing, copper is immune to corrosion. In order for further corro-
sion to take place, the water must contain solutes that can affect this immunity. Under
deep repository conditions, dissolved sulphide or a combination of very high chloride
concentrations and low pH are conceivable. Since deep groundwaters are neutral or
slightly alkaline and the buffer counteracts acidification, dissolved sulphides are in
practice the only corrosive substances that can react with the copper canister after the
oxygen in the repository has been consumed. At repository depth the groundwaters have
very low sulphide concentrations, much lower than 5·10-5 mol/dm3, and the solubility of
the sulphide minerals present in the bentonite is at most of the same magnitude. This
means that the corrosion of the copper canister due to sulphides will be controlled by
the availability and supply of sulphides from the groundwater and the buffer.

Corrosion in the presence of oxygen

In the presence of oxygen, copper will be oxidized to Cu2O or CuO in pure water,
depending on the redox potential. In the presence of ligands, hydroxysulphates,
hydroxycarbonates or hydroxychlorides can form. These compounds can also form in
conjunction with atmospheric corrosion.

Corrosion before deep disposal: External corrosion on the copper canister while
awaiting disposal and during the initial phase of deep disposal has been assessed by
Mattsson /1997/. During interim storage awaiting deposition, the canisters will be
exposed to atmospheric corrosion. Storage is assumed to take place in a normal urban
atmosphere, and if the surface temperature on the canisters is maintained at 20°C, the
estimated corrosion rate will lie in the range 0.006 to 0.027 μm per annum. If the
surface temperature of the canisters is the maximum permissible, 90°C, it is estimated
that the corrosion rate will be 100 times higher. The estimate is based on an assumed
doubling of the chemical reaction rate for every 10°C temperature increase. If corrosion
takes place in dry air, a film of copper oxide will form on the canister surface. Corro-
sion of a micrometre or so prior to deposition will not affect the life of the canister in
the repository.

Corrosion caused by water under aerobic conditions during the buffer saturation
phase: After deposition and before water saturation, the canister is expected to stand in
air with high humidity at a temperature of 90°C. Based on corrosion rates in connec-
tion with outdoor exposure of copper in urban atmosphere, Mattson makes the judge-
ment that the corrosion rate may be as great as 100 to 300 μm per annum if the oxygen
supply is not limited. The corrosion attack is expected to be uniformly distributed over
the copper surface. The total corrosion attack can be modelled using a mass balance
approach. A corrosion attack of 100 μm requires an oxygen quantity of 30 m3 if Cu2O
is formed as a corrosion product. The scope of the corrosion attack will be effectively
limited by the availability of oxygen and will not affect the life of the canister in the
repository.
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Corrosion caused by nitric acid during the buffer saturation phase: Gamma irra-
diation of moist air in the canister-buffer gap leads to the formation of nitrogen oxides,
which in contact with water form nitric acid. Marsh /1990/ shows a simple method to
make a rough calculation of the quantity of nitric acid produced. The rate of formation
of nitric acid is given by:

d HNO
dt
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where G is the G value (in number of molecules/eV), V the irradiated air volume (dm3),
ρ the density of the air (g/dm3), Do the initial dose rate (eV/g·y), Av Avogadro’s number,
t the time (years) and T the half-life (years) of the radiation source. If it is assumed that
the gamma radiation source has a half-life of 30 years, G = 0.02 molecules/eV and an
air gap of 5 cm around the canister (V = 825 dm3), then a production rate for nitric
acid of 0.002 mol/y is obtained. This is a small quantity, which does not appreciably
affect the life of the canister.

Copper corrosion after water saturation; oxygen corrosion: Copper corrosion under
the expected conditions in the deep repository after water saturation has been well
studied /Swedish Corrosion Institute, 1978; 1983; Werme et al, 1992; Wersin et al,
1994b/. During a brief period of up to a few hundred years at most after deposition in
the deep repository when oxygen will be present, the maximum corrosion depth is
pessimistically estimated to be about 2 mm, but will probably be only a few microns
/Wersin et al, 1994b/. The total corrosion attack will be determined by the quantity of
available oxygen. It should be noted that it is the entrapped quantity of oxygen that
causes the corrosion both before and after water saturation. The maximum corrosion
attacks for these two cases should thus not be added.

Corrosion in the absence of oxygen

Copper corrosion after water saturation: In the absence of oxygen, copper is immune
to corrosion in pure water. Corrosion with hydrogen gas generation can take place if
the water contains dissolved sulphides. The corrosion products are then Cu2S or CuS.
High chloride concentrations in combination with low pH values can also cause corro-
sion on copper. In the former case, the corrosion rate will be controlled by the inward
transport of sulphide ions, and in the latter case /Taxén, 1990/ by the outward transport
of copper chloride complexes.

After the oxygen has been consumed and reducing conditions have been reinstated,
copper corrosion under deep repository conditions will be controlled by the availability
of dissolved sulphides. In the same way as for oxidizing conditions, Wersin et al,
/1994b/ have estimated the extent of the corrosion with a very pessimistic assumption
and a most likely case. In the pessimistic case, the corrosion depth is a few millimetres,
but it will probably not exceed a few tenths of a millimetres in 100,000 years.

Copper corrosion after water saturation; bacterial corrosion: Normally, bacterial
reduction of sulphate to sulphide does not pose any threat to the integrity of the canis-
ter, since this does not lead to elevated levels of dissolved sulphide in the groundwater.
The concentrations of dissolved sulphide in the near field are controlled by the solubil-
ity of sulphide minerals in the bentonite, and in the rock the concentrations are gener-
ally well below 5·10-5 mol/dm3. At these low concentrations, the transport of sulphide
from or through the buffer is very slow and will completely control the corrosion
process.
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A worst case would be if the bacteria formed a biofilm on the canister surface or were
present in the buffer near the canister. The corrosion process would then be controlled
by the transport of sulphate to the canister. This could lead to considerably accelerated
corrosion, since the transport of sulphate is expected to be much faster than the trans-
port of sulphide, due to the fact that the sulphate concentrations in the bentonite can be
up to tens of mmol/dm3.

A study of the conditions for the growth of sulphate-reducing bacteria in compacted
bentonite was conducted in 1995 by Pedersen et al /Motamedi et al, 1996). The results
showed that the survival of sulphate-reducing bacteria in bentonite is dependent on
the availability of water and the fact that if a bentonite of high quality is compacted to
2 g/cm3, equivalent to a water activity of 0.96, sulphate-reducing bacteria do not sur-
vive. There would thus not be any mechanism for bacterial corrosion inside the ben-
tonite buffer if a water activity of 0.96 or lower can be maintained. Current knowledge
suggests that bacterial sulphide corrosion can be ruled out in the repository environ-
ment.

Sulphate corrosion: Inorganic sulphate corrosion of copper has been deemed impossi-
ble under repository conditions, since the reaction is kinetically inhibited /Corrosion
Institute, 1983; Grauer, 1991/.

Influence of temperature: The temperature in the repository will be elevated during
the oxidizing phase, with a maximum temperature of 90°C on the copper surface. The
temperature increase from 20°C to 90°C increases the copper corrosion rate by a factor
of one hundred, based on the simple estimate that the reaction rate is doubled for every
ten degrees of temperature increase. This is, however, of subordinate importance, since
the diffusion of reactants is rate-controlling and the diffusivity is much less affected by
the temperature. The influence of the temperature on the chemical equilibria for the
corrosion reactions is completely negligible for the temperature range encountered in
the repository.

Influence of chemical changes during glaciations: During a glaciation, the possibility
cannot be completely ruled out that oxic (oxygen-containing) water will occasionally
seep down into crushed zones and fractures of high conductivity. This has been dis-
cussed by Ahonen and Vieno /Ahonen and Vieno, 1994/.

During a deglaciation, oxic water could conceivably infiltrate down into the repository.
The oxygen concentration in the water can be estimated at 10 mg/l. If it is assumed that
a 100,000-year period includes a total of 5,000 years of deglaciation, when oxygenated
water from the melting ice penetrates down into the repository (an equivalent flow of 1
litre per annum), then a total of approximately 400 g of copper will corrode. Assuming
uniform corrosion, this is equivalent to 2.6 μm. With the pitting factor of 5 /Swedish
Corrosion Institute, 1983/ that has been used in the KBS-3 study, the deepest pit would
be 13 μm.

The attack will probably not be uniformly distributed, since oxygen could come
through the tunnel and attack only the lid of the canister. The lid area constitutes
approximately 5 percent of the whole surface area, and the deepest pit under these
circumstances will be 260 μm.
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Time perspective

Only the sulphide corrosion is of importance in a longer time perspective. Sulphide
corrosion will proceed as long as sulphide is present and metallic copper is available.

Natural analogues

Corrosion of copper under oxidizing conditions can be studied on archaeological arte-
facts. Such studies have been conducted both to assess the risk of pitting /Bresle et al,
1983; Hallberg et al, 1984/ and to assess general corrosion over longer periods of time
/Hallbert et al, 1988/. Bresle et al, studied the pitting factor on archaeological bronze
objects buried in soil for long periods of time. The results indicated that the probable
pitting factor lay in the range 2–5. Hallberg et al /1984/ performed a similar study of
three lightning conductor plates that had been buried in the ground for 50 to 80 years
and found a pitting factor of 5 in two of the cases and no pitting in the third case.
Hallberg et al /1988/ examined a bronze cannon from the Swedish warship Kronan,
which had lain buried with its muzzle downward in the mud on the bottom of the
Baltic Sea since 1676. They estimated the corrosion rate to be 1.5·10-5 mm/y. This is
equivalent to 1.5 mm in 100,000 years, and with a pitting factor of 5 a maximum corro-
sion depth of 7.5 mm.

Summary of uncertainties

Copper corrosion after water saturation: Under the now known conditions at deep
repository level, the canister is expected to remain intact for a very long time, much
longer than the 100,000 years in the design requirements. The uncertainties in assess-
ments of the repository’s evolution over long periods of time are great, and the copper
thickness has therefore been chosen with a large safety factor to ensure a canister life of
100,000 years.

Even though there are large uncertainties in the assessments over long time spans, it is
very unlikely that general corrosion or pitting could lead to canister penetration during
the 100,000 years the canister has been designed for. In other words, there are small
uncertainties in the assessment that the canister life is at least 100,000 years as far as
corrosion is concerned.

Handling in the safety assessment

Base scenario: Corrosion in accordance with the inward transport of corrodants that
can be expected in the base scenario.

Canister defect scenario: See base scenario.

Climate change: Corrosion in accordance with the inward transport of corrodants that
can be expected in the climate scenario.

Earthquake: See base scenario.
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3.7.6 Stress corrosion cracking, copper canister

Figure 3-14. Stress corrosion cracking, copper canister.

Over view

Stress corrosion cracking (SCC) was described in general terms in section 3.7.3.
Elevated concentrations of nitrites and ammonium can cause SCC of copper in the
deep repository environment.

General description, model studies/experimental studies

In the KBS-2 study /Swedish Corrosion Institute, 1978/, the risk of SCC was consid-
ered to be non-existent for oxygen-free, pure copper. More recent investigations, dis-
cussed in the KBS-3 study /Swedish Corrosion Institute, 1983/ have shown that the risk
cannot be ruled out entirely for the copper grades and the repository environment in
question. Nitrogen compounds such as nitrite and ammonia can give rise to SCC in
copper. Studies conducted by SKB have, however, shown that SCC must be deemed
improbable under the expected repository conditions. These conclusions were based on
results from SSRT (slow strain rate testing) /Benjamin et al, 1988/.

Time perspective

If SCC occurs, it will probably occur during an early phase in the repository when
oxidizing conditions still prevail (< 300 years).

Natural analogues

Not applicable.

Summary of uncertainties

There is no evidence that SCC could occur in the repository environment, but the
possibility cannot be entirely ruled out with present-day knowledge. There are no
criteria for under what conditions SCC is possible or impossible.
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Tensile stresses in the copper canister are a necessary prerequisite, and since the canister
is under external pressure it is not likely that SCC could lead to canister penetration.
This would require tensile stresses through the whole canister wall, and such a situation
is not deemed to be possible under normal conditions in the repository.

Handling in the safety assessment

Base scenario: SCC cannot be modelled with present-day knowledge. The process can
in all likelihood be neglected.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

3.8 Radionuclide transport

See section 2.8, “Radionuclide transport in fuel/canister cavity”.
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4.1 Description of buffer and backfill

4.1.1 General

In their deposition holes, the copper canisters will be surrounded by a buffer of ben-
tonite clay, see Figure 4-1. On deposition, gaps are formed for technical reasons be-
tween canister and buffer and between buffer and rock. The inner gap is filled with
water and the outer with bentonite pellets and water.

After deposition, the tunnel above the deposition hole will be backfilled with a material
that is adapted to the chemical conditions on the repository site.

4 Buffer/backfill

Figure 4-1. Deposition hole with bentonite buffer and canister. The figure also shows the
backfilled tunnel above the deposition hole.
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Buffer material

The buffer consists of MX 80 bentonite, a natural clay from Wyoming or South Dakota
in the USA. The designation MX 80 is a trade name and specifies a certain grade and
grain size of dried and ground bentonite.

MX 80 bentonite consists mainly of the smectite mineral montmorillonite (65–80 per-
cent), where the clay particles are smaller than 2 μm. Chemically, montmorillonite is a
polyelectrolyte, which means that a layer of exchangeable ions is associated with the
surfaces of the clay particles. The clay swells in contact with water. The exchangeable
ions in MX 80 consist predominantly of sodium, and the material is therefore called
sodium bentonite. Water-saturated buffer contains about 25 weight-percent water.
The water molecules are absorbed in the material, and water transport occurs mainly
by diffusion.

MX 80 bentonite also contains the minerals quartz (about 15 percent) and feldspar (5–8
percent). Chemically important components in addition to the minerals are carbonates
(e.g. calcite), sulphates, fluorides, sulphides (e.g. pyrite), iron(II) and organic matter.

When wetted with water, the bentonite contains a pore water of characteristic compo-
sition, which depends on the composition of the bentonit and the water used for
wetting.

Backfill material

The backfill material consists of a mixture of bentonite clay and crushed rock. The
proportions are adapted to the chemical conditions on the repository site so that the
backfill will have the desired characteristics. Such site-specific adaptation has not been
done in SR 97. Instead, a typical composition is used consisting of 15 weight-percent
MX 80 bentonite clay and 85 weight-percent crushed rock.

4.1.2 Overview of variables

In the buffer/backfill subsystem, the buffer is bounded on the inside by the interface
towards the canister, on the outside and bottom by the interfaces towards the deposition
hole, and on the top by the interface towards the backfill. The backfill is constricted in
space by backfilled tunnel systems and rock chambers. There are also plugs whose
purpose is to seal the tunnel system hydraulically, but these have not been included in
the description in SR 97.

The buffer as it is delimited by the variable buffer geometry is characterized thermally
by its temperature and with respect to radiation by its radiation intensity, mainly γ-
and neutron radiation. Hydraulically, the buffer is characterized by its water content,
and sometimes by gas concentrations and by water pressure, water flow, gas pressure
and gas flow. The last four, which are mainly of interest in the phase when the buffer is
being saturated with water, have been combined in the variable hydrovariables. Me-
chanically, the buffer is characterized by a swelling pressure.
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The chemical state of the buffer is defined by its smectite content and its smectite
composition, which is the composition of the actual clay mineral, including the ionic
species associated to the surface, different impurity contents and a pore water com-
position.

The same set of variables is used for the backfill as for the buffer. The crushed rock,
which comprises 85 percent of the backfill, is included in the variable impurity con-
tents.

All variables are defined in Table 4-1.

Table 4-1. Variables in buffer/backfill.

Geometry Geometric dimensions for buffer/backfill. A description of e.g. interfaces on
the inside towards the canister and on the outside towards the geosphere.

Pore geometry Pore geometry as a function of time and space in buffer and backfill. The
porosity, i.e. the fraction of the volume that is not occupied by solid material
is often given.

Radiation intensity Intensity of (α-, β-), γ- and neutron radiation as a function of time and space
in buffer (and backfill).

Temperature Temperature as a function of time and space in buffer and backfill.

Smectite content Smectite content as a function of time and space in buffer and backfill.

Water content Water content as a function of time and space in buffer and backfill.

Gas contents Gas contents (including any radionuclides) as a function of time and space
in buffer and backfill.

Hydrovariables Flows and pressures of water and gas as a function of time and space in
buffer and backfill.

Swelling pressure Swelling pressure as a function of time and space in buffer and backfill.

Smectite composition Chemical composition of the smectite (including any radionuclides) in time
and space in buffer and backfill. This variable also includes material sorbed
to the smectite surface.

Pore water composition Composition of the pore water (including any radionuclides and dissolved
gases) in time and space in buffer and backfill.

Impurity levels Levels of impurities in time and space in buffer and backfill. Impurities also
include minerals, other than smectite. In backfill, crushed rock is an impurity.
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4.2 Overview of processes

On emplacement, the buffer comes into contact with the hot canister surface, the ther-
mal energy is spread through the buffer by heat transport and the temperature increases.
The g and neutron radiation emitted by the canister decreases in intensity by radiation
attenuation in the buffer.

A negative capillary pressure exists originally in the pores in the buffer, causing water to
be transported in from the surrounding rock. After the buffer has been saturated with
water, this water transport is very slow. Gas transport can occur during the saturation
process, when water vapour can flow from the hotter parts of the buffer to condense in
the outer, colder parts. Originally there is also air in the buffer, which can leave the
buffer by dissolving in the pore water; gas dissolution. After water saturation, gas trans-
port can occur if a canister is damaged, leading to hydrogen formation in the canister.

On absorbing water, the buffer and backfill swell and a swelling pressure is built up.
The swelling pressure is different in the buffer and backfill, which therefore interact
mechanically. The swelling pressure is decisive for the mechanical interaction between
canister and buffer, which can cause the canister to move in the buffer. On heating, the
pore water may expand due to thermal expansion.

The chemical evolution in buffer and backfill is determined by a number of transport
and reaction processes. Solutes in the water may be transported by advection and diffu-
sion. In the buffer, advection occurs almost exclusively during the water saturation
process, subsequently diffusion. By means of ion exchange/sorption, the original ions on
the surfaces of the clay particles in the buffer may be replaced by other ionic species.
Chemical smectite degradation may occur, for example in the form of illitization.
Impurities undergo various dissolution/precipitation reactions in the buffer. On swelling,
the buffer penetrates out into the fractures in the surrounding rock, where it may form
colloids which may be carried away by the groundwater, leading to gradual erosion of
the buffer. The clay may be transformed by radiation effects and the pore water may be
decomposed by radiolysis. Finally, microbial processes may occur in buffer/backfill.

After water saturation, radionuclide transport is expected to take place in the buffer
exclusively by diffusion in the pores of the buffer, possibly also on the surfaces of the
clay particles. Neither advection nor colloid transport is expected in a saturated buffer.
Radionuclides may be sorbed to the surfaces of the clay particles. A crucial factor for
this is the chemical form of the radionuclide, which is determined by the chemical
environment in the buffer via the process of speciation. Together with the transport
conditions, the rate of radioactive decay determines to what extent radionuclides from a
broken canister will decay before reaching the outer boundary of the buffer.

Virtually the same processes occur in the backfill as in the buffer, but somtimes to a
different extent. Furthermore, the crushed rock (defined as an impurity in the backfill)
plays a slightly different role than the impurities in the buffer, for example by contrib-
uting to sorption.

The THMC diagram for buffer/backfill is given in figure 4-2.
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Figure 4-2. THMC diagram for buffer/backfill. Processes and interactions in italics only
occur when the isolation of the copper canister is broken.
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4.3 Radiation-related processes

Besides radiation attenuation (see below), any radionuclides in the buffer undergo
radioactive decay. Radioactive decay is described in the chapter that deals with fuel/
cavity.

4.3.1 Radiation attenuation/heat generation

Figure 4-3. Radiation attenuation/heat generation.

Overview, general description

γ and neutron radiation from the canister are attenuated in the buffer. The magnitude
of the attenuation is dependent above all on the density and water content of the buffer.
The result is a radiation field in the buffer that can lead to radiolysis and have a mar-
ginal impact on the montmorillonite. The radiation that is not attenuated in the buffer
reaches out into the near-field rock.

Attenuation of γ- and neutron radiation will raise the temperature of the buffer, but the
effect is negligible compared with other temperature-raising processes. The radiation is
of importance for the chemical processes radiation-induced montmorillonite decomposition
and γ-radiolysis of pore water.

Model studies/experimental studies

Attenuation of γ- and neutron radiation can be calculated theoretically for an arbitrary
material if geometry and composition are known, see e.g. the model studies mentioned
for the equivalent process in the canister. Experimental studies of radiation attenuation
in bentonite are reported in section 4.7.8.

Time perspective

See equivalent process for the canister.

Natural analogues

Not applicable.
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Summary of causes

Understanding: Our understanding of the process is good enough for the needs of the
safety assessment.

Data: Data for a quantitative description of the process are known with sufficient
accuracy for the needs of the safety assessment.

Handling in the safety assessment

Base scenario: A simple calculation of dose rate on the inside and outside of the buffer
is carried out. Heat generation is neglected.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

4.4 Thermal processes

4.4.1 Heat transport

Figure 4-4. Heat transport.

Overview

Heat is transported in buffer and backfill mainly by conduction. Before full water
saturation has been achieved, vapour flow in the buffer can also contribute to heat
transport.

Thermal conductivity is mainly dependent on the composition and water content of the
bentonite.

7 19-1476
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General description

Heat is transported from the canister surface to the buffer, through the buffer and
finally from the buffer to the rock both directly and via the tunnel backfill. Transport
may possibly take place during some time period via gaps between canister and buffer
and between buffer and rock. The efficiency of the heat transport through the buffer
region is important for the performance of the system, since it affects two important
temperatures: that on the canister surface, and that in the buffer itself. The importance
of the heat transport capacity of the tunnel backfill in these respects is, however, small
and is therefore dealt with only briefly in the following.

When the buffer has been water-saturated and has swelled out so that all gaps and joints
are filled, all heat transport takes place by conduction. Before full water saturation, a
small portion of the heat transport in the buffer material takes place by vaporization,
vapour flow and condensation. At an early stage there may also be gaps filled with air
or water vapour. In water-filled gaps, heat transport across the gap takes place by flow
and conduction, in gaps filled with air and water vapour also in part by radiation. After
a week or so, heat transport through the buffer is largely independent of the heat capac-
ity of the buffer, and heat conduction in the buffer can be approximately described by
the time-independent heat conduction equation:

∇ ⋅ ∇ =( )λ T 0

The most important parameter is thus the thermal conductivity, λ, of different parts of
the system. The thermal conductivity of bentonite is primarily dependent on density,
water saturation and mineral composition. The thermal conductivity of water-saturated
MX-80 bentonite that has swelled out to its intended density, 2,000 kg/m3, is about 1.2
W/(m·K). At application, the water saturation of the blocks is lower, but their dry
density is higher, which gives approximately the same thermal conductivity. The water
conductivity of gaps filled with water and air is 0.60 W/(m·K), while that of gaps filled
with water vapour is about 0.025 /West, 1973/.

Influence of water content: The water conductivity of bentonite with a high
montmorillonite content can be estimated with the aid of the expressions in (1-2 to 1-
4), which give the thermal conductivity as a function of the degree of saturation Sr and
the porosity n, which, together with the mineral density, determine the density of the
buffer /Knutsson, 1983/.

(1-2)

where

λ0 = thermal conductivity at Sr = 0 (dryness)
λ1 = thermal conductivity at Sr = 100 percent (water saturation)
Ke = 1 + log Sr

λ0 and λ1 are determined according to (1-3) and (1-4):
(1-3)

( )
λ 1

1056 2= ⋅

−. n n (1-4)

Equation (1-2) gives values with an estimated accuracy of 20 percent.
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The influence of the density is expressed implicitly in the form of the porosity n. The
porosity n of water-saturated highly-compacted MX-80 bentonite with a density of
2,000 kg/m3 at water saturation is 0.44, and the thermal conductivity according to Equ.
(1-4) is 1.14 W/(m·K). If the degree of saturation is reduced to 50 percent, the thermal
conductivity is 0.85 W/(m·K).

Influence of temperature and pressure: Different models have been proposed for
estimating the influence of increasing pressure and temperature on the thermal conduc-
tivity of bentonite /Knutsson, 1983/. They show a slight increase of the thermal con-
ductivity, but the effect is not sufficiently verified to be able to be credited /Börgesson
et al, 1994/. The thermal conductivity of water and air/water vapour also increases
slightly with the temperature, but the effect is small and can be neglected.

Influence of montmorillonite content: The montmorillonite content per se is not
decisive for the buffer’s thermal conductivity, since the most common accessory minerals
have a similar thermal conductivity. An exception is quartz, which has a higher thermal
conductivity.

Influence of convective vapour transport on heat transport: The contribution made
by convective vapour transport to heat conduction can be estimated to increase the
thermal conductivity by a few tenths of a W/(m·K) /Börgesson et al, 1994/. However,
due to the difficulty of studying the process experimentally, this contribution should be
pessimistically neglected.

Heat conduction in transition canister/buffer: If the gap between the buffer and the
surface of the canister is water-filled, transport across the gap takes place by conduction
with a thermal conductivity of about 0.6 W/(m·K), which differs insignificantly from
the thermal conductivity of partially unsaturated bentonite. If the gap is gas-filled, the
thermal conductivity is approximately 0.025 W/(m·K) and a considerable temperature
differential can arise between canister surface and buffer. The size of the differential
depends on how efficiently heat can be transferred by radiation, i.e. on the emissivity of
the canister surface, and on how well the canister is cooled via other surfaces where
there is no gas-filled gap. The size of the temperature differential can be up to 30°C
/Bjurström, 1997/. In the case of a gas-filled annular gap around the canister surface, a
disproportionately large portion of the canister’s heat output may be transferred to the
buffer via the canister’s base surfaces.

Influence of geometry on heat transport: The resistance to heat transport in the
buffer is dependent on the distance between the canister and the canister hole boundary,
which entails changes in the temperature of the buffer if the dimensions of the canister
hole or the location of the canister in the hole should be altered. After water saturation,
however, the variations in geometry that could occur due to block breakout or a poorly
centred canister have negligible effects. This is also true of effects of instantaneous or
time-dependent deformations that can alter the geometry of the canister hole. Before
water saturation, a poorly centred canister can be of importance for the distribution of
gas-filled volumes and therefore for the temperature level and temperature distribution
in the buffer.

Influence of heat transport on buffer temperature: The temperature at the boundary
of the canister hole is as good as independent of the heat transport capacity of the
buffer. The temperature difference between the outer and inner buffer boundary, on the
other hand, is determined at a given canister power (heat output) by the heat transport
capacity of the buffer so that the temperature in the inner parts is high if the thermal
conductivity is low, for example due to drying-out.
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Influence of heat transport on backfill temperature: The temperature of the backfill
is determined by the surrounding rock, which has a higher thermal conductivity. The
only influence of the heat transport capacity of the backfill itself is that the average
effective heat transport resistance of the near field is slightly greater if the transport
capacity is low. However, the volume of the tunnels in relation to the total volume of
the near field is so small that changes in the backfill’s contribution to the heat transport
resistance have small effects on the temperature, both in the backfill and in the buffer.

Model studies/experimental studies

Model studies. Prediction of the temperature evolution in the near field has been done
analytically /Claesson and Probert, 1996/ and numerically /Thunvik and Braester, 1991;
Hökmark, 1996/.

The temperature at the buffer/canister transition reaches a peak after about 10 years.
A peak is reached at the buffer/rock transition after about 50 years.

The temperature levels that will apply at the canister hole boundary are dependent on
the thermal diffusivity of the rock, the canister power, the tunnel spacing and the canis-
ter spacing. By means of analytical solutions it is possible to estimate the temperature in
the rock in different positions in relation to a canister for arbitrary repository
geometries and canister powers /Claesson and Probert, 1996/. For example, a maximum
temperature increase of about 56°C at the canister hole boundary is obtained for an
initial canister power of 1,680 W if the tunnel spacing is 40 m and the canister spacing
is 6 m. If the canister power is reduced to 1,050 W and the tunnel spacing is reduced
proportionally, i.e. to 25 m, the temperature increase is instead about 47°C /Hökmark,
1996/.

The temperature levels that will apply in different parts of the buffer and in the canis-
ter/buffer transition are further dependent on the heat conduction properties of the
buffer and on the possible presence of gaps and drying cracks. If it is assumed that the
effect thermal conductivity between canister and rock is 0.7 W/(m·K), the temperature
difference between them will be 20°C to 25°C at an initial canister power of about
1,050 W /Thunvik and Braester, 1991/. The difference decreases after about 10 years
and is about 10°C after 100 years and only a degree or so after 1,000 years.

The temperature evolution in the backfill can be determined using analytical methods
[8]. The temperature increase in the tunnel floor is approximately 45°C at a canister
power of 1,680 if the tunnel spacing is 40 m and the canister spacing is 6 m. If the
output is reduced to 1,050 W and the tunnel spacing is reduced proportionally, i.e. to
25 m, the temperature increase is instead about 40°C /Hökmark, 1996/.

The duration of the temperature pulse is a few thousand years. After 2,000 years the
exess temperature in the repository is about 20°C and after 5,000 years about 15°C
/Hökmark, 1996/. No gradients exist in the near field after about 2,000 years.

Experimental studies: Field tests involving simulation of the conditions in half-scale
KBS-3-type deposition holes in Stripa showed, on sampling after 10 to 15 months, that
steeply dipping cracks had emanated from the electric heaters to about half the buffer
thickness in holes with little water inflow /Pusch and Börgesson, 1983/. The cracks
emanated radially from the hot surface and deviated at a 45° angle in towards the water-
saturated surface zone as a consequence of stresses generated by swelling pressure. The
temperature gradient over the nearest 3 cm was about 5°C/cm, which shows that heat
transfer was poor nearest the heaters. This was due to the fact that the original gap of
less than 1 millimetre had been increased to several millimetres, plus the creation of
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fine drying cracks and a decline in the degree of saturation. No verified quantitative
relationships have been found between effective thermal conductivity and degree or type
of cracking.

An important lesson learned from laboratory experiments and from the field tests in
Stripa is that water saturation of bentonite blocks in contact with each other leads to
healing of joints and drying cracks /Pusch, 1980; Pusch et al, 1985a/. It is thus only
during the water saturation period that bentonite blocks can be separated by open
joints.

Time perspective

There are two time perspectives: the water saturation perspective and the heat produc-
tion perspective. The time it takes to achieve full water saturation is dependent on, inter
alia, the pressure conditions in the groundwater in the near field. The process is esti-
mated to take a number of years, see section 4.5.1. After that, all heat transport takes
place by conduction and under well-defined conditions with known thermal conductivi-
ties. Before then, heat transport can be influenced by the presence of gaps and joints.
After a few thousand years, heat production and thereby heat transport through the
buffer will have been reduced to a few percent of their original values.

Natural analogues

Not applicable.

Summary of uncertainties

Understanding: Heat transfer from the hot canisters via the buffer to the near-field
rock and backfill is in principle a simple process that can be described with reference to
the basic laws of physics. The character of the subprocesses that participate in the heat
transport is also known and the theoretical modelling of their function is based on well-
known physical principles.

Data: The numerical values of individual thermal quantities cannot be determined
theoretically due to the complex structure of the materials and the transient events that
take place both in laboratory experiments and in a final repository, which gives rise to
uncertainties. The most important quantity is the thermal conductivity λ, which varies
throughout the buffer, both in the initial phase with incomplete water saturation and at
full water saturation.

The temperature distribution in the rock, including the temperature at the canister hole
boundary, is independent of the buffer properties and can be calculated for given values
of tunnel spacing, canister spacing, initial canister power and thermal diffusivity of the
rock, which has been demonstrated by comparison between numerical and analytical
calculations /Claesson and Probert, 1996; Hökmark, 1996/, see further section 5.4.1.

Handling in the safety assessment

Base scenario: In SR 97, temperature calculations are carried out for the base scenario
for all sites with site-specific repository layouts. The temperature is calculated as a
function of time for different places in the repository. A dominant uncertainty in the
temperature calculations is the possible propagation of a gas-filled gap between the
canister and the buffer. Variation calculations will therefore be carried out to illustrate
the importance of such a gap.
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Canister defect scenario: See base scenario.

Climate change: Temperature changes in the buffer as a consequence of climate
changes are discussed qualitatively where necessary.

Earthquake: See base scenario.

4.5 Hydraulic processes

4.5.1 Water transport under unsaturated conditions

Figure 4-5. Water transport.

Overview

Water transport in the buffer under unsaturated conditions is a complex process that is
dependent on, inter alia, temperature, smectite content and water content in the differ-
ent parts of the buffer. The most important driving force for water saturation under
deep repository conditions is a negative capillary pressure in the pores of the buffer that
leads to water uptake from the surrounding rock. The supply of water in the rock is
also a decisive factor for the temporal evolution of the process.

The detailed description of the process is complicated, but can be modelled with suffi-
cient accuracy for the needs of the safety assessment. It is not important to know all the
details of the saturation process for the safety assessment. However, it is important to
show that full water saturation is reached in order to provide a reliable description of
the long-term evolution following saturation.

General description

Following is a detailed description of the process. The degree of detail is appropriate to
indicate a general understanding, but is not necessary for the needs of the safety assess-
ment to, for example, model the main features of the hydraulic evolution of the buffer.
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The following hydraulic sub-processes can be distinguished:

• Transport of water in liquid phase, which is controlled and driven by
A1) a pressure gradient in the water
A3) an osmotic gradient
A4) gravity (coupled to A1)
A5) a density gradient (coupled to A1)

• Transport of water in vapour form, where transport is controlled and driven by
B1) a pressure gradient in the water
B2) a temperature gradient
B3) an osmotic gradient
B4) gravity
B5) a density gradient

• Phase transitions between water and vapour by:
C1) evaporation
C2) condensation

• Thermal expansion of
D1) water
D2) air

• Compression of
E1) water
E2) air

• Transport in water of
F1) dissolved air

These processes are coupled, and are in some cases different sides of the same process.
They can be described and modelled in different ways. An important variable is the
pore water pressure uw. It is normally described in relation to the pore gas pressure ua as
uw-ua. uw-ua is always negative in an unsaturated soil and is called, with the opposite sign,
the suction potential. The suction potential can be described from a geotechnical view-
point as the sum of the matrix suction potential, which can be said in simplified terms
to stem from capillary effects, and the osmosis suction potential, which is dependent on
differences in ionic concentration.

Our understanding of the processes that drive water transport in unsaturated buffer and
backfill materials and our knowledge of how the processes are influenced by different
factors is not comprehensive. The following description pertains chiefly to the models
that are used for non-swelling soil materials /Fredlund and Rahardjo, 1993/. It has not
yet been fully clarified whether the approach is sufficiently all-inclusive to fully describe
the processes in swelling clay minerals. However, our understanding is sufficiently good
to carry out reliable model calculations in the safety assessment.

A1. Transport of water in liquid phase which is driven by a water pressure gradient
can be described by a refined version of Darcy’s law. The parameters that control
the process are the material’s hydraulic conductivity K and the difference between
the pore water pressure and the pore gas pressure uw-ua. Both of these can be
described as functions of the void ratio e, the degree of saturation Sr, the ion
concentration in the pore water ic and the temperature T. The pore water pressure
for unsaturated clays is also a function of the wetting history, i.e. whether the
material undergoes wetting or drying.
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The driving force for the liquid-phase water flow is the pore water pressure
gradient, which is caused by differences in matrix suction potential. The hydraulic
conductivity varies strongly with the degree of saturation.

A3. Transport of water in liquid phase which is driven by an ion concentration gradi-
ent, osmosis. Significant osmotic effects can arise at high salinities in the
groundwater and in conjunction with salt enrichment in the buffer.

A4. Transport of water in liquid phase which is driven by gravity. Gravimetrically
generated flow is probably negligible in buffer material due to the low hydraulic
conductivity. It can, however, influence the flow in the backfill, cf. process A1.

A5. Transport of water in liquid phase which is driven by a density gradient in the
water. Differences in the density of the water can be caused by e.g. differences in
temperature or salinity. Density-generated flow is probably negligible in buffer
material, cf. process A1.

B1. Transport of water in vapour phase which is driven by a vapour pressure gradient.
The vapour pressure uv in the fraction of the pores that are air-filled or the rela-
tive humidity (RH=uv/uvo where uvo is the saturation pressure in the air) is in equi-
librium with the suction potential in the liquid phase. If the RH is higher than the
equilibrium relationship, water vapour condenses and increases the quantity of
liquid, which in turn reduces the suction potential until equilibrium arises. If the
suction potential differs in different parts of a soil, for example due to different
water ratios, this leads to different vapour pressures, and transport of water vapour
in the unfilled portion of the pores takes place with the vapour pressure difference
as a driving force. In this way, water is transported in vapour phase from one
place with a lower suction potential to another place with a higher negative pore
pressure. However, this transport is parallel to process A1, which takes place in
liquid phase. The relationship between these transport mechanisms has not been
fully investigated.

B2. Transport of water in vapour phase which is driven by a temperature gradient
appears to be the most important process for vapour transport. This process can
also be regarded as a part of process B1. A temperature difference brings about a
vapour pressure difference which transports vapour from a warmer part to a
colder part. It can also be modelled as a diffusion process driven by a temperature
difference /Philip and de Vries, 1957/.

The vapour transport causes a water ratio difference and thereby a difference in
suction potential, which in turn leads to a liquid-phase transport in the opposite
direction. In a closed system, with constant water content, an equilibrium situa-
tion arises after a time where the vapour transport is equal to the liquid transport
in all parts. A steady state arises with water ratio differences that reflect the tem-
perature differences in the system.

B3. Transport of water in vapour phase which is driven by an osmotic gradient.

B4 and B5. Transport of water in vapour phase which is driven by gravity or a den-
sity gradient. These processes are presumably insignificant in the buffer’s pore
system, but may be of great importance in gaps, particularly in the vertical gap
between canister and bentonite.
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C1 and C2. Phase transitions via evaporation and condensation are constantly occur-
ring in a temperature gradient where evaporation in the warmer part is accompa-
nied by condensation in the colder part. Aside from the fact that it can lead to
heat transport, it is only significant as evaporation if the buffer is not isolated
from the atmosphere. It can occur if a very dry deposition hole is allowed to stand
open towards the tunnel for a very long time or if the backfill is dry.

D1 and D2. Thermal expansion of water in liquid and vapour phase can indirectly
affect the flow by changing either the water pressure or the density (convection).
Other consequences are dealt with under mechanical processes.

E1. Compression of water in liquid phase is of little importance for the liquid trans-
port processes other than for a water-saturated system, where the size of the
pressure build-up associated with a temperature increase is dependent on the
compressibility of the water.

E2. Compression of air can be an important factor in the water saturation process
(Boyle’s law). If the air is trapped, it must be compressed and go into solution in
the water in order for water saturation to be achieved. In highly-compacted
bentonite, the suction potential appears to be sufficiently high for this to occur
and full water saturation is achieved without any external water pressure. Highly-
compacted pure bentonite is thus able to achieve water saturation by itself. The
backfill, however, has such low suction that a pressurized air volume will remain if
the air cannot seep out. It disappears for the most part when full water pressure
has developed.

F1. Transport of dissolved air in water. When trapped air is compressed during the
water saturation phase, a portion of the volume is dissolved in the water. This
solubility (Henry’s law) is approximately 2 percent at air temperature but de-
creases rapidly at increasing temperature. In order for additional air to be dis-
solved, the dissolved air must be transported away, which takes place by diffusion.

Influence of salinity on wetting rate: High salinity in the groundwater that is ab-
sorbed from the near-field rock limits the swelling of the bentonite grains and initially
leaves relatively wide passages for penetration of water. An advantage is that saturation
of the buffer can take place faster than if low-salinity water is absorbed.

The salinity of the groundwater influences the vapour pressure relation and thereby the
water saturation process. For typical Swedish groundwater conditions, the effect in the
buffer is small, but the influence of saline groundwater is of decisive importance for
water uptake in the backfill.

Model studies/experimental studies

A preliminary material model containing unsaturated water flow has been devised
/Börgesson and Johannesson, 1995/ and is being developed. The calculations are per-
formed using the finite element method with the program ABAQUS. Certain general
parts of the model are described in the manual /Hibbit et al/, while other parts are
tailor-made for SKB /Börgesson and Johannesson, 1995/. The model includes the
processes A1, A4, A5, B2, D1 and E1, which are the most important ones for the buffer.
It does not, however, include the processes that handle air (except for B2), which can be
important for the saturation process in the backfill.
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The models have been both calibrated and partially verified by laboratory experiments.
Models for unsaturated buffer are being evaluated within three international projects
(DECOVALEX, CATSIUS CLAY and VALUCLAY). These projects include calcula-
tion examples and comparisons with measurement results for both laboratory experi-
ments and field tests. See e.g. Börgesson and Hernelind /1995/; Alonso and Alcoverro
/1997/; Börgesson and Hernelind /1997/.

The big field test BMT (Buffer Mass Test) was performed some years ago in Stripa,
Sweden, to study the wetting process, among other things. In this test, highly-com-
pacted bentonite and heaters were installed in six simulated deposition holes on a scale
of 1:2. The tunnel above two of these holes was backfilled with sand-bentonite mixtures
containing 10 and 20 percent bentonite. The tests were interrupted after a few years,
whereupon buffer and backfill were excavated with detailed sampling and water ratio
determination. The results showed that the wetting had gone to near water saturation in
three of the holes, while the others had not increased their water content more than
marginally. The water inflow in the three first-mentioned holes was greater than in the
others. On the other hand, the gap towards the rock was left open in these three holes,
while the gap in the three “dry” holes was filled with bentonite powder. There was no
tendency towards uneven water uptake from the rock. The three wet holes with empty
gaps had a high, uniform water ratio with a degree of saturation higher than about 80
percent. The three dry holes with powder-filled gaps were dry nearest the heater and
wet nearest the rock, in a way that could be expected to result from the redistribution
process that occurs in the presence of a temperature gradient.

Interaction with rock: A key issue for the saturation process is the interaction between
rock and buffer. If water is only conducted to the buffer in the water-bearing fractures
and the rest of the water has to go through the rock matrix, water saturation can be
both uneven and take a long time. If there is a permeable excavation-disturbed zone
(EDZ) that distributes water from the fractures along the rock wall, the wetting will be
faster and more even.

The interaction between rock and buffer is influenced to a high degree by the perme-
ability of the rock matrix. Studies of deposition hole walls in Finnish test holes suggest
that there is an EDZ nearest the hole with a hydraulic conductivity that is one to two
orders of magnitude greater than in the undisturbed rock matrix. If the distance be-
tween the water-bearing fractures is sufficiently small and the water pressure in the
fractures sufficiently great, the water may be distributed along the hole wall at the rate
at which the buffer is able to take up water. The water uptake will thereby be as even
and fast as if free water were available in a filter against the rock wall. If, on the other
hand, the distance between the water-bearing fractures is great and the water pressure is
low, only areas around the fractures will be supplied with water. The water uptake will
thereby be uneven and delayed. In the extreme case where there are no water-bearing
fractures, all water must be transported through the rock matrix, and the uptake rate
will then be so slow that the situation in the buffer is characterized by a redistribution
of the existing water. The rock/buffer interaction needs to be verified by further tests
and calculations.

When excavated, the backfill in BMT was highly water-saturated in the outer 1–1.5 m
zone, while the inner portion was relatively unaffected. The uniform wetting indicates
that the EDZ was sufficiently permeable to distribute the water evenly over the rock
surface, but may also be due to the fact that the water has been able to flow in the
backfill or in the backfill/rock interface.
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Time perspective

The above analysis shows that the time to full water saturation of the buffer can vary a
great deal, depending above all on the interaction with surrounding rock. If conditions
are optimal so the rock distributes the water as needed by the buffer, saturation may be
reached within 10–15 years. If there are no fractures so all water has to go via the rock
matrix, it may take more than 100 years.

Summary of uncertainties

Understanding: Our understanding of the process is good enough for the needs of the
safety assessment.

Data: The greatest uncertainty/variability concerns the hydraulic conditions in the near-
field rock.

Handling in the safety assessment

Base scenario: Models are available to describe the saturation process in the buffer (see
section on model studies). The boundary condition, i.e. the supply of water at the outer
buffer boundary, is decisive for the wetting rate. Calculations are therefore carried out
for several situations, for example:

• Free supply of water at the boundary

• Impervious rock – water is taken through the rock matrix

• Water uptake from deposition tunnel

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

4.5.2 Water transport under saturated conditions

Overview

Water transport in saturated buffer is a complex interplay between a number of sub-
processes on a microscopic scale. On a macroscopic level, the result is that the perme-
ability of a saturated buffer is very low, and this is also the essential result for the safety
assessment. The above also applies to the backfill, but permeability is higher here.

General description

Water flow in saturated buffer and backfill is a special case of unsaturated flow. The
processes involved are the same as for unsaturated conditions, but can vary widely in
importance compared with unsaturated conditions.
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The most important mechanism under unsaturated conditions is transport of water in
liquid phase, which is driven by a water pressure gradient. The process can be described
by Darcy’s law. Any deviations from Darcy’s law, which can occur at low gradients, are
favourable in that they lead to a reduced throughflow rate. The hydraulic conductivity
K is a function of the composition of the buffer and the backfill, the void ratio e, the
ion concentration in the pore water ic and the temperature T.

Influence of density, temperature and salinity for the buffer: In the buffer, K =
5·10-14 - 5·10-13 m/s at the densities in question. Transformations to other minerals with
reduced montmorillonite content as a result generally leads to a higher hydraulic con-
ductivity. Permissible limits for density deviations /Bäckblom, 1996/ give an approxi-
mate difference in hydraulic conductivity by a factor of 10. The temperature influences
the conductivity by changing the viscosity of the water, whereby a temperature increase
from 20°C to 90°C entails an approximate increase in conductivity by a factor of 3 at.
An increase in salinity to 6.1 M NaCl (saturated solution) entails an approximate in-
crease in conductivity by a factor of 10.

Influence of density and salinity for the backfill: The dependency on density and
ion concentration is greater for the backfill, due to the fact that the bentonite density
in the pore system of the aggregate is low. For backfill with 15 percent bentonite,
K = 10-10–10-9 m/s for fresh groundwater at the densities expected to be achieved after
saturation. The influence of the ion concentration is great. An increase in salinity to
1.2 percent (Äspö conditions) leads to an increase in K by a factor of 10–100.
To achieve the same hydraulic conductivity, the bentonite content must then be in-
creased to 30 percent. Other factors of importance are the compaction and mixing
methods used. These affect microstructural homogeneity via the density distribution of
the bentonite phase in the aggregate pores, and macrostructural homogeneity via lower
density in the roof due to compaction problems. In summary, the necessary hydraulic
conductivity (at most that of the surrounding rock) is achieved by means of suitable
technology and suitable material choice.

In summary, the following can be said about water flow in saturated buffer and backfill:

Buffer: The permeability of the buffer to low-salinity water after complete saturation is
approximately 10-13 m/s. The condition that must be met for transport by flow to be
more important than diffusive transport is given by: De/ΔL < Ki, where De = the effective
diffusivity, ΔL = the transport length (one-dimensional), K = the hydraulic conductivity
and i = the hydraulic gradient. For the stage after restoration of the hydraulic situation
in the repository, i can be set equal to 10-2 and, for anions De = 10-12 m2/s, which for the
buffer thickness ΔL = 0.35 m requires that K exceed 3·10-10. This is at least two orders
of magnitude higher than the real conductivity of the buffer. The margin for cations is
considerably greater. The conclusion is thus that the only important transport mecha-
nism for both water and dissolved species through the buffer is diffusion. Diffusive
transport is dealt with in section 4.7.3.

Backfill: The permeability of the backfill to water after saturation is determined by the
montmorillonite content, the pore water chemistry and the density. Unlike the buffer,
the backfill cannot become highly homogeneous, in part because the mixing procedure
does not give a uniform distribution of the bentonite and crushed rock, and in part
because deposition and compaction cannot be done as efficiently over the entire cross-
section and length of the backfill /Gunnarsson et al, 1996; Pusch, 1985b/.
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Model studies/experimental studies

Flow in water-saturated buffer and backfill has only been studied on a laboratory
scale in the form of permeability tests and swelling/compression tests in oedometers
/Börgesson, et al, 1995; Johannesson et al, 1998/.

Time perspective

The hydraulic gradient that exists after water saturation and pore pressure equilibrium
have been reached around a repository is expected to be low. A simple estimate can be
made of the time required for all the water in the buffer to be exchanged. If the gradi-
ent is set equal to 0.01, the hydraulic conductivity K = 10-13 m/s and the cross-sectional
area to 10 m2, according to Darcy’s law it takes 15 million years for the approximately 5
m3 of water present in the buffer to be exchanged.

Summary of uncertainties

An uncertainty exists as to whether Darcy’s law applies at the low gradients that are
expected to arise, since all laboratory tests are done at very high gradients. All measured
deviations show, however, that the flow is lower than is expected by Darcy’s law.

Another uncertainty is the effect of transformations, which are expected to give higher
hydraulic conductivity. The effects of very high salinities are also inadequately under-
stood.

A number of uncertainties exist for bentonite-containing backfill. The properties of the
backfill are measured directly after mixing. The risk and effect of possible homogeniza-
tion of the bentonite density in the aggregate pores is not known. The measured hy-
draulic conductivities assume that there are no channels or gaps.

Handling in the safety assessment

Base scenario: The base scenario should show that the processes that can influence the
diffusivity and conductivity of the bentonite always remain within the limits where
diffusion will dominate over advection in the saturated buffer.

Canister defect scenario: It is assumed in the canister defect scenario that no
advection occurs in the saturated buffer. In the backfill, however, it is possible that
transport by means of advection and diffusion may be of similar magnitudes and the
effect will be investigated.

Climate change: See base scenario.

Earthquake: See base scenario.
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4.5.3 Gas transport/dissolution

Figure 4-6. Gas transport/dissolution.

Overview

Transport of gas in the buffer can occur in two phases of the repository’s evolution:

• When the repository is sealed, air will be trapped in the buffer. When the buffer
becomes saturated with water, the air must escape.

• If a canister should have a through-wall defect and water should penetrate through
the copper shell, the cast iron insert is expected to corrode and release hydrogen.
If more hydrogen is produced than can be dissolved in the water in the canister,
a gas phase will form.

Gas which is trapped in or by the buffer and backfill can escape in two ways:

• If the production rate is low or the gas quantity is small, the gas can be dissolved in
the pore water and be removed by diffusion.

• If the production rate is high or the gas quantity is large, a gas phase will form, the
pressure will rise, and a flow path will be formed through the buffer at a critical
pressure.

General description

Water saturation phase: Gas flux in conjunction with wetting of the buffer and
backfill is described in section 4.5.1. Under these conditions, all gas is expected to be
dissolved in the buffer’s pore water and transported by diffusion.

Gas transport from broken canister before saturation: Before the buffer is saturated,
water is only expected to be able to get into the canister via vapour-phase diffusion.
Hydrogen production from corrosion will therefore be limited and the gas that is
formed is expected to be able to leave the buffer. The gas transport resistance in an
unsaturated buffer is also considerably lower than in a saturated one.
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Gas from broken canister after saturation:

Diffusion: Hydrogen gas formed by corrosion of the cast iron insert can dissolve in the
pore water and migrate from the canister by diffusion. The maximum transport capacity
has been calculated by Wikramaratna et al /1993/.

The results of the calculations show that the diffusive transport capacity is considerably
lower than the hydrogen gas production from corrosion, if it is assumed that the entire
surface of the cast iron insert is accessible for corrosion and the water supply does not
limit corrosion, see also section 3.7.1. Under such conditions it is probable that a gas
phase will be formed inside the canister and that the gas must escape by gas-phase flow.

Gas flow: Figure 4-7 shows gas pressure build-up in and gas flow through a saturated
buffer. In an initial phase after canister breakthrough, water is expected to enter the
canister, resulting in corrosion and hydrogen gas generation. The gas pressure in the
canister will thereby rise.

The following picture of the subsequent course of events is an interpretation of the
results of theoretical and experimental studies: At a critical pressure (opening pressure),
the buffer is expected to allow the gas to pass through. A large number of experiments
have shown that bentonite /Pusch et al, 1985b; Horseman and Harrington, 1997;
Tanai et al, 1997/ does not allow gas to pass until the pressure exceeds the sum of the
swelling pressure and the water pressure. When the pressure reaches this value, a trans-
port pathway is formed through the buffer and gas is released. The pressure falls, and if
the gas production is low enough, the transport pathway is expected to close. This takes
place at a so-called “shut-in pressure”, which is dependent on the swelling pressure.
At pressures lower than the shut-in pressure, gas migrates solely by diffusion, see Figure
4-7. The laboratory experiments have shown that the shut-in pressure is also dependent
on the swelling and water pressures, but is much less than the sum of these – for a total
swelling and water pressure of 12 MPa, the shut-in pressure is 9 MPa. Due to this differ-
ence, the gas is expected to migrate out with a continuous flow until the pressure inside
the canister falls to the shut-in pressure. When the gas flows out of the canister, it will be
very difficult for water to come in. Corrosion and gas production therefore decline so
that the pressure eventually reaches the shut-in pressure. The pressure inside the canister
is then expected to increase again, and after some time the transport pathway opens
again.

Figure 4-7. Temporal course of gas transport through bentonite /SKB, FUD-Programmet
98, 1998/.
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If the gas that is left trapped in the buffer after the first gas transport has dissolved in
the pore water and been carried away, the opening pressure in the second gas cycle is
expected to be identical to that in the first. If, on the other hand, gas remains in the
buffer, the second opening is expected to occur at a lower pressure. It has not been fully
clarified what the transport pathway will look like, but it is probable that the gas forms
a system of small flow channels /Nash et al, 1998/. The buffer will therefore not be
dried out, and it is quite clear that the quantity of water which the gas can displace
from the buffer is very small. When the gas has reached the excavation-disturbed zone
(EDZ) in the near-field rock, the pressure required to get it to migrate further is much
lower than in the buffer. It must exceed the sum of the water pressure and the capillary
tensions in the fine fractures in the EDZ or in channels in fractures that intersect the
deposition holes, which together gives a pressure of 5–10 MPa.

The energy that drives the gas transport comes from compression of the gas inside the
canister and is proportional to the available gas volume. If it is assumed that the volume
is half a cubic metre and the gas pressure drops from 12 to 9 MPa, 15 MJ will be
released when the transport pathway is formed. In a system with confined clay (deposi-
tion holes), the gas will presumably be released in a controlled fashion, i.e. it will not
entrain the buffer material along with it, but experiments under open conditions, i.e.
without surrounding counter-pressure, show that gas breakthrough can be a violent
process /Donohew et al, 1998/.

Available experimental results show that gas can migrate through a highly-compacted
buffer without jeopardizing the continued function of the engineered barriers. However,
no experiment has been conducted with a gas volume equivalent to the volume in the
canister cavity (approx. 1 m3), and it is therefore not completely clear what the effect
the release of large quantities of gas will have on the performance of the repository.

Model studies/experimental studies

Gas dissolution: No specific studies have been conducted for the purpose of studying
how gas dissolves in the pore water in the bentonite. However, experience from water
saturation tests shows that highly-compacted bentonite is normally completely water-
saturated and that no trapped gas remains. The mechanical interpretation is that the
swelling pressure of the bentonite compresses trapped gas, which is dissolved in the pore
water and transported out by diffusion.

Gas transport: The gas transport process has been studied in controlled flow experi-
ments in Boomclay and MX-80 bentonite /Harrington and Horseman, 1997/. The gas
pressure as a function of time from these experiments is very similar to those from the
response of hydraulically induced fractures in the clay /Murdoch 1993/. Details in the
results suggest channelling and propagation, which indicates that the gas moves in a
network of microchannels created by tensile fractures in the clay under the high gas
pressure. If channels were not formed, the clay would probably be impermeable to gas
/Harrington and Horseman 1997/. When the gas injections were stopped in the tests,
the pressure fell spontaneously and after a while assumed a minimum value, the shut-in
pressure. This pressure is dependent on the swelling pressure of the clay and was
around 4 MPa above the water pressure for MX-80 with a dry density of 1.55 t/m3.
Shut-in pressure can be interpreted as the lowest gas pressure capable of sustaining a
continuous gas network through the bentonite.
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On repeated gas injection cycles in laboratory tests, the breakthrough pressure decreases
compared with the first breakthrough, which shows that the transport pathways do not
disappear entirely during experimental timescales. Gas-filled cavities remain in the
transport pathways. However, an experiment with Boomlera has shown that the original
breakthrough pressure can be reinstated by flushing the pores in the clay with water
/Harrington and Horseman, 1997a/, suggesting that the transport pathways close when
the gas in the cavities disappears. Under repository conditions, dissolution and diffusion
will be the dominant transport mechanisms for the residual gas in the cavities.

Time perspective

Gas transport can occur when water is in contact with the cast iron insert in a damaged
canister.

Natural analogues

Tissot and Pelet /1971/ write about oil and gas movements in clay shale: “The extrac-
tion of oil or gas from a finely structured clay matrix runs contrary to the capillary laws
and is in principle impossible. However, the barrier can be broken in one way. The
pressure in the fluids that is formed in the pores in the clay increases when kerogen is
formed. When this pressure exceeds the mechanical strength of the clay, microchannels
will form which are orders of magnitude larger than the natural pores and will thereby
allow an oil or gas phase to pass, until the pressure falls below a threshold value and the
channels fill again and a new cycle begins.” These observations recall the conclusions
from the gas transport experiments in bentonite.

Summary of uncertainties

Gas dissolution: The effect of reduced gas solubility in the buffer’s pore water as a
consequence of raised temperature is calculable, but experimental studies have not been
carried out. At atmospheric pressure the solubility of the gas is very low at the peak
temperature of the bentonite. For the backfill, the groundwater pressure plays a crucial
role for the solubility of trapped gas, since only small swelling pressures develop. The
water saturation process in the backfill material is thus coupled to the restoration of the
hydrostatic pressure and is thereby difficult to predict with our present state of knowl-
edge.

Gas transport: A remaining uncertainty in our understanding of gas transport in the
buffer material concerns the number, size and spatial arrangement of the gas-bearing
fractures and the volume behaviour of the clay during gas injection. The experiments
that have been performed to date indicate that the clay must expand (grow in volume)
during gas transport and that changes in gas content must be balanced by an increased
total volume /Harrington and Horseman, 1999/.

8 19-1476
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This is interpreted as meaning that the gas forms a fracture network through the clay
and traditional two-phase flow models for porous media, where gas displaces the pore
water, are not applicable. Since the clay expands when the gas forms a network, the
boundary conditions in the experiments are very important. It is not certain that the
behaviour will be the same in an experiment where the bentonite specimen is subjected
to a constant external pressure (corresponding to the hydrostatic pressure plus the
swelling pressure in the repository) as in an experiment where the specimen is confined
in a constant volume (corresponding to the walls of the deposition hole). Preliminary
results from experiments conducted during the production of this report have confirmed
that the breakthrough pressure is higher for a specimen with constant volume than for
one under constant external pressure. This is consistent with the model of the build-up
of a fracture network. These experimental observations cannot be directly extrapolated
to a real repository. For while the deposition hole does have a constant volume, the
quantity of buffer in the hole is such that a compression of the buffer could go more
easily than in a laboratory experiment on a 5 centimetre scale, since the cross-sectional
area of the gas channel does not have to be bigger in a real case than in the experiment.

Another uncertainty is the shut-in pressure. There is no model today for how the shut-
in pressure is dependent on the swelling pressure; all knowledge of the shut-in pressure
is based on a few experimental observations. Extrapolation of experimental observations
to a full-scale repository has not been tested, since no full-scale experiments have ever
been performed.

Handling in the safety assessment

Base scenario: See “Water transport under unsaturated conditions”. The gas quantity
in a deposition hole is approximately 6 volume-percent at atmospheric pressure. When
the hydrostatic pressure has been built up, the gas volume will have declined by a factor
of 50. This small quantity will rapidly dissolve in the pore water and can be neglected
in the water saturation calculations.

Canister defect scenario: Account of model and experimental studies of gas build-up
and transport in conjunction with the modelling of the corrosion of the cast iron insert
and water transport in the canister.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.
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4.6 Mechanical processes

4.6.1 Swelling

Figure 4-8. Swelling.

Overview

Water is absorbed by unsaturated bentonite and causes swelling. If the bentonite is
unable to expand freely, a swelling pressure develops which reaches its peak at full water
saturation.

The swelling leads to compression of the backfill above the deposition holes, a me-
chanical pressure on the canister and the edges of the deposition hole, and clay intru-
sion in fractures around the deposition hole. Depending on the conditions in the near-
field rock, the clay in the fractures could be carried away by the groundwater, allowing
new clay to penetrate, which could lead to gradual erosion of the buffer, see section
4.7.7. Aside from these mechanical effects, the buffer’s hydraulic conductivity and diffu-
sion properties are altered by the swelling.

General description

The buffer has the form of a cylindrical stack of blocks of highly-compacted bentonite
powder surrounded by an annual gap filled with bentonite pellets. In the wetting phase,
interlamellar hydrate layers are built up by inflowing water. The stacks of
montmorillonite layers swell, and resistance to swelling due to limitation of the swelling
volume is manifested by the evolution of a swelling pressure.
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The following description illustrates the principles for modelling of swelling from a
geotechnical perspective and does not concern the underlying mechanisms.

The swelling can be conceived of as being caused by a force of repulsion between the
montmorillonite layers. If there is a limited supply of water in a free specimen, the
swelling is counteracted by a negative pressure in the pore water. If a specimen is water-
saturated, i.e. all pores are filled with water, the swelling is counteracted by the forma-
tion of a negative pressure in the pore water in the water menisci on the surface of the
specimen. The negative pore pressure is equal to the internal swelling pressure if no
external pressure is applied. If the specimen is unsaturated, the water menisci develop
inside the specimen as well. The negative pressure in the pore water is chiefly a func-
tion of the water ratio in the specimen, i.e. the quantity of water per unit weight of dry
material. This negative pressure is called suction potential. When water is added to a
free specimen, the water ratio increases, and the repulsion forces and the suction poten-
tial decrease, which causes the specimen to swell until a new equilibrium is established
with a lower internal swelling pressure. If the volume is kept constant, a portion of the
internal swelling pressure is instead transferred to an external swelling pressure, which
can be measured. When a specimen with constant volume is completely water-saturated
and the pore water pressure is kept positive, the entire swelling pressure becomes an
external pressure. At water saturation, the swelling pressure and the pore water pressure
are independent quantities and give a total pressure that is the sum of the pressures. In
principle, this applies even before full water saturation is reached, but since not all
pores are filled with water, the forces do not act on the whole specimen and the pres-
sures are not simply addable.

The swelling pressure’s dependence on the variables listed below can be explained by a
change in the resulting repulsion forces between the montmorillonite layers.

The variables that influence swelling or shrinking and the generated swelling pressure in
the bentonite are:

1. density,

2. montmorillonite content,

3. adsorbed cation species (montmorillonite composition),

4. degree of cementation,

5. pore water composition,

6. degree of saturation.

The influence of these factors on the swelling capacity is dealt with briefly in this
chapter. Factors 2–5 are further dealt with under section 4.7, “Chemical processes”.

Influence of density: The density at water saturation is decisive for the water ratio and
thereby for the number of interlamellar water molecule layers, which in turn determines
the swelling potential and the swelling pressure. Figure 4-9 illustrates the difference in
swelling pressure at different densities.
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Influence of montmorillonite content and type of smectite plus species of
adsorbed cation: According to Figure 4-9, the swelling pressure is relatively independ-
ent of the adsorbed ion species if the density exceeds approx. 1,800 kg/m3 in the satu-
rated state and the montmorillonite content is the same. At lower densities the swelling
pressure is lower if the adsorbed ion species is Ca or some other polyvalent cation (e.g.
Cu and Fe). Table 4-2 gives a picture of the dependency of the swelling pressure on
smectite content and smectite type. Data is given for a number of commercial
bentonites with different smectite contents and for mixtures of Na-bentonite and sand
aggregate. These values can be considered to represent expected effects of transforma-
tions of sodium bentonite A reduced smectite content can be conceived of as being
equivalent to the addition of an inactive aggregate. A transformation of Na-bentonite to
Ca-bentonite, which takes place by ion exchange, is expected to give a swelling pressure
equivalent to those given for Ca-bentonite. Distilled water was used for saturation of
the investigated clay materials.

Table 4-2 Examples of swelling pressure in MPa as a function of smectite content
and density /Pusch, 1995a/.

Bentonite Smectite content Density at saturation, kg/m3

(percent) 1800 2000

MX-80 75 1.2 8.7
IBECO Na 70 0.6 7.3
IBECO Ca 80 0.2 4.7
Kunigel 40 0.2 1.0
Beidellite 35 1.5 4.2
Saponite 70 2.5 8.8
30/70 MX-80/sand 20 0 0.5
50/50 MX-80/sand 40 0.2 2.0

Figure 4-9. Dependence of swelling pressure on density and adsorbed ion species (revised based
on Börgesson et al /1995/).
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Influence of degree of cementation: Natural bentonites, which have undergone
cementation by precipitation of silicon and aluminium compounds in conjunction with
heating, exhibit low swelling pressures and poor swellability despite a considerable
content of montmorillonite/beidellite /Müller-Vonmoos et al, 1990; Pusch, 1983b/.

Influence of chemical composition of pore water: If the pore water in the bentonite
contains salt, which can be the consequence of either water saturation of the bentonite
with saline groundwater or diffusion of salt into the pore water after water saturation,
swelling pressure and swelling capacity are affected /Kornland, 1997a/. Swelling pres-
sure decreases with increasing salinity. The decrease is relatively greatest at low densi-
ties.

Influence of degree of saturation: In an unsaturated state, the bentonite/water system
shrinks on drying and expands on wetting. The volume change on water uptake in e.g. a
block is less in the unsaturated state, since the swelling takes place partially in previ-
ously unfilled pores. Shrinking due to drying is expected to take place near the canister,
which can lead to cracking of the buffer.

Importance of swelling/shrinking for the general performance of the buffer:
Swelling or shrinking of the buffer alters its density, which is of importance for its
performance in terms of water, ion, colloid and gas transport, as well as mechanical
effects:

1. Influence on hydraulic conductivity. A decrease in density due to swelling in deposi-
tion holes increases hydraulic conductivity. The effect can be assumed to be small
under normal conditions, however.

2. Influence on diffusive ion transport. See 1.

3. Influence on the swelling pressure exerted on the canister, backfill and near-field
rock. The swelling pressure decreases when the density decreases, which could lead
to uneven swelling pressure on the canister. The effect can be assumed to be small
under normal conditions, however.

4. Influence on its capacity to bear the canister. Bearing capacity declines with declining
density. The effect can be assumed to be small under normal conditions, however.

Model studies/experimental studies

Saturated bentonite: Bentonite’s swelling capacity and swelling pressure under water-
saturated conditions has been studied in detail by means of laboratory experiments
/Börgesson et al, 1995/. The results have been used to devise a material model that can
be used for FEM calculations. It is based on the effective stress theory and coincides by
and large with models for other soils, although the magnitude of the swelling and
pressure are considerably greater for bentonite. Experiments are currently being con-
ducted with volume creep to model the changes in volume and swelling pressure that
can occur over a long period of time.

The material models have been used to calculate different evolutions that are associated
with volume changes in a repository. Examples of modellings are the following:

• Swelling of buffer against the backfill in deposition holes /Pusch and Börgesson,
1992/.

• Settlement experiment in Stripa /Börgesson, 1993a/. Comparisons of calculated and
measured movements and densities when canisters are loaded in deposition holes.
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• Modelling of canister movements for design with two canisters in a deposition hole
/Börgesson, 1993b/.

Unsaturated bentonite: A few experiments have been conducted to study the volume
change as a function of degree of saturation and pore ratio. These experiments have
been used to calibrate the material model for unsaturated clay. Additional experiments
need to be done to improve our understanding and the model.

Time perspective

The water saturation phase is expected to take between 10 and 100 years, depending on
the properties of the rock. During this timespan, the portion of the expansion that is
limited by the consolidation rate (which is controlled by the hydraulic conductivity) will
probably also take place. Volume creep can proceed for thousands of years, but is not
judged to be of a such a magnitude that it appreciably influences buffer performance.

Summary of uncertainties

In a water-saturated state, the swelling process is deemed to be sufficiently well-known
that density changes in the buffer can be calculated with sufficient accuracy. The great-
est uncertainty arises in calculating the size of the swelling pressure after swelling, where
the possible deviation is judged to be ± 30 percent, depending on the scatter in swelling
pressure measurements and the uncertainty in certain material parameters. Some valida-
tion has been done by means of laboratory /Pusch and Adey, 1986/ and field tests
/Börgesson, 1993a/, and continued validation is taking place via the field tests in the
Äspö HRL.

In the long term, swelling properties can change due to transformations and cementa-
tion (see section 4.7.5, “Montmorillonite transformation”). The mechanical conse-
quences of transformations can be assumed to lead to properties that are equivalent to
the properties of corresponding “natural minerals”. Our knowledge of the properties of
these minerals and what causes the differences is limited.

Cementation effects cause significant changes in the physical properties of the buffer,
since they can produce a material that is brittle and without swelling capacity and thus
can crack and open channels and gaps in the buffer. They have not yet been thoroughly
studied.

The mechanical function of water-unsaturated bentonite is complicated to model, and
the models that exist today are incomplete, especially for modelling of volume change
and swelling pressure.

Handling in the safety assessment

Base scenario: Handled together with water saturation. Long-term changes also need
to be dealt with.

Canister defect scenario: See base scenario.

Climate change: Influence of altered ionic strength in the water.

Earthquake: The importance of the swelling pressure for the buffer’s ability to cushion
mechanical stresses on the canister arising from rock movements is dealt with in this
scenario.
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4.6.2 Mechanical interaction buffer/backfill

Figure 4-10. Mechanical interaction buffer/backfill.

Overview and general description

In the interface between the buffer and the backfill, the buffer exerts a swelling pressure
against the backfill and vice versa. Since the difference in swelling pressure is great, a net
pressure arises against the backfill whereby the buffer swells and the backfill is com-
pressed. In this process, the swelling pressure from the buffer decreases as the density
decreases. At the same time, the counter-pressure from the backfill increases as it is
compressed and its density increases. The swelling of the buffer and compression of the
backfill are counteracted to some extent by friction against the rock. When the force of
the swelling pressure in the buffer is equal to the sum of the force of the counter-
pressure in the backfill and the friction against the rock, the process ceases since equi-
librium has been established.

The size of the swelling depends on the original densities of the buffer and the backfill
and associated expansion and compression properties.

Due to the friction against the rock and friction in the buffer, the homogenization of
the buffer is not complete. The density reduction due to the swelling therefore de-
creases with increasing distance from the interface. At the normal expected density in
the backfill, the density reduction probably does not reach down to the canister, which
lies 1.5 m below the interface.

Figure 4-11 illustrates the result of a simplified equilibrium calculation of the upward
swelling of the buffer in the deposition holes in conjunction with compression of the
backfill in the deposition tunnels /Pusch et, al 1985a/.
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Model studies/experimental studies

Several model studies have been carried out with FEM calculations using ABAQUS:

A calculation of an extreme case was performed for PASS /Pusch and Börgesson, 1992/
where the buffer was assumed to have a density of 2.1 t/m3 after water saturation and
the density of the backfill was assumed to be 1.9 t/m3 after water saturation, which
corresponds to higher density in the buffer and lower in the backfill than is stipulated in
the reference case /Bäckbom, 1996/. This gave an upward displacement of about 30 cm.

In conjunction with studies of the function of deposition holes with two canisters, a
calculation was made of the movements of the canisters which included upswelling
towards the backfill /Börgesson, 1993b/. In this calculation the backfill was assumed to
be considerably stiffer, with a density after water saturation of 2.2 t/m3. The calculated
upswelling was about 7 cm.

Experience is available from field tests in Stripa. In BMT (Buffer Mass Test). 6 deposi-
tion holes were simulated on half scale. The movement of the interface was measured
with a coin that was placed in the interface and levelled before and after the tests. The
measured outswelling varied between 4 and 7 cm, depending on test time and degree of
saturation in the buffer.

Time perspective

The time to equilibrium is controlled by the wetting rate, the permeability of the buffer
and the size of the swelling. It takes an estimated 10 to 100 years if creep effects are
neglected.

Summary of uncertainties

Understanding: The mechanisms for this interaction are well-known and partially
confirmed in BMT.

Data: The uncertainty consists in the choice of parameter values, which is in turn
dependent on the density reached in the backfill.

Figure 4-11. Schematic illustration of the reduced swelling pressure in the uppermost portion
of the buffer as a consequence of the upward expansion.
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Handling in the safety assessment

Base scenario: The process is modelled in the base scenario as a part of the hydraulic/
mechanical evolution in the buffer/backfill.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

4.6.3 Mechanical interaction buffer/canister

Overview

Mechanical interaction buffer/canister arises from the buffer through the clay matrix,
which generates both compressive stresses and shear stresses, through the pore water,
which generates only compressive stresses, and through gas in the buffer, which also
generates only compressive stresses. Changes in these three factors take place during the
water saturation process and can also occur in response to external forces. The weight
of the canister influences the buffer, while the influence of the weight of the buffer on
the canister is negligible.

General description

The mechanical interaction between buffer and canister is of the following nature:

• Swelling pressure and water pressure are exerted on the canister.

• Thermally induced pore water pressure is exerted on the canister.

• Trapped gas in the buffer exerts pressure on the canister.

• Canister corrosion products exert pressure on the canister.

• Vertical movement of canister in buffer.

• Transfer of shear stresses from rock via buffer to canister, especially during an earth-
quake.

• Intrusion of buffer in a damagd canister.

Swelling pressure and water pressure are exerted on the canister

Swelling pressure develops as the buffer undergoes wetting. If the wetting is even, the
swelling pressure increases equally on the canister’s periphery, except on the end surfaces
where wetting of the buffer takes the longest time because the buffer is thicker there. If
the wetting is uneven, the build-up of swelling pressure on the canister will be uneven.
In the event of unfortunate combinations of wetting areas, the canister may be subjected
to substantial stresses, similar to those exerted on a beam which is freely supported or
rigidly fixed.

Water pressure on the canister does not arise until the bentonite is water-saturated.
Theoretically, this pressure can also be uneven if certain parts of the buffer are saturated
up to the canister and certain parts are not.
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After full water saturation and full water pressure, the total swelling and water pressure
will be the sum of these pressures.

Thermally induced pore water pressure is exerted on the canister

If the buffer is water-saturated before the maximum temperature has been reached, the
temperature increase will cause the water to tend to expand, but because of the confined
volume it cannot expand. Instead a pressure increase occurs which can theoretically be
very great. However, such a pore pressure increase causes the water to drain out
through the rock at the same time, compensating for the pressure increase. Preliminary
calculations show that no big pressure ever has time to build up /Pusch and Börgesson
1992/.

Trapped gas in the buffer exerts pressure on the canister

Gas generated or shut in at the canister surface exerts a pressure on the canister. This
gas pressure is, however, limited to the bentonite’s opening pressure (see section 4.5.3).
The gas is released through the bentonite either through a temporary channel that
forms, or by dissolving in the water and diffusing out.

Canister corrosion products exert pressure on the buffer

External corrosion of the copper canister, which can be both local and global, increases
the volume, since the corrosion products have a lower density. The increase in the
volume of the canister causes consolidation of the buffer and an increase in the pressure
between buffer and canister. In the event of a defect in the copper shell, a similar effect
may occur in the cast iron.

Vertical movement of canister in buffer

The fact that the canister has a higher density than the buffer means in principle that it
will sink in the same way as a house foundation settles, i.e. by consolidation and creep.
The movements of the canister are complex in practice, since the upward swelling of
the buffer in the holes dominates at first, causing heave of the canister due to a decrease
in the density and swelling pressure above the canister. The settlement, or subsidence,
occurs after the buffer becomes water-saturated and expands and consists mainly of very
slow creep.

Transfer of shear stresses from rock via buffer to canister

Rock movements in the form of shear along a fracture plane affect the canister via the
buffer. The buffer thereby acts to cushion the sharp and hard rock wedge. Since the
movement does not change the total volume of the buffer, the effect is essentially a
shear deformation, whereby the shear strength of the buffer regulates the impact. The
shear strength is fairly low, since the friction angle at the density of the buffer is only
about 10 degrees /Börgesson, 1986/. The shear strength increases rapidly with increas-
ing density, however, and doubles at a density increase of about 5 percent.

Intrusion of buffer in a damaged canister

Bentonit can intrude into a defect in the canister. The influence on the buffer is, how-
ever, negligible compared with intrusion into fractures in the rock (se section 4.7.7).
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Model studies/experimental studies

Swelling pressure and water pressure are exerted on the canister

Swelling pressure exerted by the buffer on the canister has been measured in BMT in
Stripa /Pusch et al, 1985/ and on a laboratory scale in canister shear tests /Börgesson,
1986/. The evolution of swelling pressure in the six deposition holes in BMT differed
markedly between the three “wet” holes and the three “dry” holes, due to the fact that
the wetting was completely different. The measured swelling pressures were similar
within the same holes, however. In the canister shear test, the swelling pressure in-
creased evenly because water was supplied evenly via a filter which simulated the entire
surrounding rock surface.

Thermally induced pore water pressure is exerted on the canister

See section 4.6.6.

Canister corrosion products exert pressure on the buffer

Preliminary modelling /Band et al, 1997/ showed that the influence was not significant.
The buffer was not modelled in detail in this calculation, however.

Vertical movement of canister in buffer

A field trial was conducted in Stripa /Börgesson, 1989; Börgesson, 1993a/. A 100 cm
long canister with a diameter of 20 cm with surrounding bentonite blocks was installed
in a 3 m deep borehole with a diameter of 40 cm. The canister’s movement was meas-
ured over 5 years via a pipe attached to the top of the canister. An incrementally in-
creasing load was applied to this pipe that ultimately amounted to 12 tonnes. The
resulting movement was a heave of the canister despite the high load. Numerical simu-
lation of this test with ABAQUS showed that the heave is caused by swelling and de-
creased density in the overlying bentonite.

The movements of the canister have been calculated for the concept with 2 canisters in
a deposition hole /Börgesson, 1993b/. This calculation shows that the resulting move-
ment will be a heave that occurs early, and that the subsequent subsidence due to creep
movements is small. A preliminary estimate for the buffer density in the KBS-3 concept
is that the subsidence will be negligible or possibly negative, i.e. take the form of an
insignificant heave. A calculation based on creep data derived from model experiments
in the laboratory arrives at a final settlement of less than 10 mm in 106 years for the
KBS-3 canister /Pusch and Adey, 1986/.

Transfer of shear stresses from rock via buffer to canister

Thorough studies have been made of the effects of rock shear on canister and buffer. In
model tests on a scale of 1:10, rock shear movements equivalent to approximately 20 cm
shear in a deposition hole have been simulated /Börgesson, 1986/. Numerical modelling
of the process has also been done /Börgesson, 1992/.

The conclusions of these studies are that this mechanical process is understood and can
be modelled. The studies also show that the effect on the canister depends on the rate
of the shear movement and the density of the buffer. The copper shell plasticizes and
bends at a shear of 10 cm and expected shear rates if the density after water saturation is
higher than about 2 t/m3. At lower densities the canister tips without plasticizing.
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Time perspective

The influence on the canister of uneven swelling pressures during the water saturation
phase occurs within about 100 years, after which the swelling and water pressures are
not expected to change in the base scenario. Possible heave of the canister due to up-
ward swelling of the buffer takes place during the water saturation and homogenization
phase, i.e. within about 100 years after deposition. The downward creep caused by the
weight of the canister declines logarithmically with time.

Summary of uncertainties

The processes involved in the mechanical interaction between buffer and canister after
water saturation are fairly well understood. The uncertainty primarily consists in the
evenness of the wetting and the pressure build-up caused by possible gas formation. The
greatest uncertainty stems from the fact that the properties of the buffer are changed in
the event of cementation or transformation.

Handling in the safety assessment

Base scenario: Calculations will be carried out for the most important processes,
including vertical movement of the canister. How the swelling pressure affects the
canister is described in section 3.6.2.

Canister defect scenario: See base scenario. Further pressure is exerted by corrosion
products from the cast iron insert.

Climate change: See base scenario.

Earthquake: The effects of shear movements in the geosphere are analyzed.

4.6.4 Mechanical interaction buffer/near-field rock

Overview, general description

The mechanical interaction between buffer and near-field rock can be divided into

1. swelling pressure from the buffer,

2. pressure from the canister via the buffer,

3. forces of friction from the buffer due to upward swelling against the backfill,

4. thermal expansion of the buffer,

5. convergence of the deposition hole,

6. shear movements due to sliding along fracture.

Swelling pressure from the buffer is transferred to the rock but is not expected to
lead to significant rock movements. The elastic deformation of the rock at the expected
swelling pressures is small due to the rock’s high modulus of elasticity. Plastic deforma-
tions caused by movements along the fracture plane can occur along rock wedges that
go up to the tunnel floor.

Pressure from the canister can be propagated via the buffer. Such pressures can arise
from canister corrosion products and gas pressure build-up.
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Forces of friction arise against the rock walls in the deposition hole due to swelling of
the buffer against the backfill. The process is described in section 4.6.2.

Thermal expansion of the buffer can be serious for the rock if the buffer is water-
saturated when the temperature increase occurs. This process is described in section
4.6.6.

Convergence of the deposition hole occurs when the rock creeps due to the high
rock stresses after rock excavation. Assuming an anisotropic primary state of stress with
reasonable components, calculations have shown that the diameter can decrease by a
centimetre or so after 10,000 years /Pusch, 1995b/. The resulting density increase in the
buffer leads to an increase in the swelling pressure by an MPa or so. The effect can be
even greater at higher rock stresses, caused by e.g. glaciation.

Shear movements due to sliding along a fracture in the rock is a process that can be
serious for the canister if the displacement is rapid and great. The process is partially
dealt with in section 4.6.3 and can be modelled uncoupled to the rock. Rock move-
ments are dealt with in the process descriptions for the geosphere, see sections 5.6.4
and 5.6.5.

Model studies/experimental studies

The influence of the buffer on the rock is difficult to investigate experimentally in any
other way than by measuring the swelling pressure on the rock. This has been done in
BMT in Stripa /Pusch et al, 1985a/. Calculations of the effect on the rock of corrosion
of the cast iron insert show that the influence is little Bond et al, 1997/. The effect on
the rock of the buffer’s upward swelling in the deposition hole has been modelled
/Pusch and Börgesson, 1992/. These studies show that a rock wedge can, if the backfill
is poorly compacted, move upward 0.2–0.3 m and reduce the density of the buffer in
the upper part of the deposition hole. Thermal expansion of the buffer causes similar
pressure increases on the rock as on the canister. Theoretically, the pressure could
become very high. This is dealt with in section 4.6.6.

The influence of the rock on the buffer in connection with shear movements along
fracture planes has, as reported in section 4.6.3, been studied in both experimental and
model studies. This process is not harmful for the buffer (if its rheological properties
have not been changed) but only for the canister.

Time perspective

Processes 1, 3 and 4 occur during the first 100 years after closure of the repository. The
other processes occur or can occur throughout the lifetime of the repository.

Summary of uncertainties

The uncertainties concerning processes 1–4 stem mainly from uncertainties in other
processes and are dealt with elsewhere (canister corrosion, gas formation, etc.).

Convergence of the deposition holes is normally negligible.

Handling in the safety assessment

Base scenario: Included in an integrated description of the evolution of the near field.
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Canister defect scenario: See base scenario. The effect of iron corrosion products also
needs to be discussed.

Climate change: Discussion of the effect of convergence of deposition holes under ice
loading.

Earthquake: Discussion of the effect of deformation of deposition holes.

4.6.5 Mechanical interaction backfill/near-field rock

Overview and general description

In a KBS-3 repository, the backfill should have a hydraulic conductivity that does not
appreciably exceed that of the surrounding rock. In the preliminary design of the near
field /Bäckblom, 1996/, a composition of 15 percent bentonite and 85 percent crushed
rock is stipulated. The properties of the backfill are determined not only by its compo-
sition, but also by the salinity of the groundwater. Groundwater salinity is of great
importance for the properties due to the fact that both swelling pressure and hydraulic
conductivity are determined by the properties of the bentonite in the aggregate’s pore
system. Since the bentonite density is low, the properties are very sensitive to salinity.
This means that the mixture 15/85 may be suitable for a site with a non-saline
groundwater, while a site with more saline water may require a higher bentonite con-
tent. The exact composition of the backfill will be chosen when all data are available on
the relevant site.

The following factors are of importance for the interaction backfill/near-field rock:

1. Swelling pressure and weight of the backfill

2. Indirect effects of upswelling of the buffer

3. Creep movements in the rock around the tunnel

4. Block breakout in the roof and walls of the tunnel

The swelling pressure and weight of the backfill act as a support against rock
breakout but otherwise exert too little pressure to affect the rock. The pressure is great-
est in the floor, if the same material is used in the whole tunnel, since compaction is
expected to be best and the weight of the backfill will be greatest near the floor. The
swelling pressure is dependent partly on what backfill composition is chosen and partly
on the salinity of the groundwater. An aim is to achieve at least 100 kPa of swelling
pressure against the roof in order to resist some block breakout and to obtain a residual
swelling capacity which can seal the possible effects of piping and creep movements in
the backfill. 30 percent bentonite appears to be needed for saline water of the Äspö
type, while 10–20 percent appears to be sufficient for non-saline water according to
ongoing laboratory tests in conjunction with backfill trials in Äspö.

Indirect effects of upswelling of the buffer mainly relate to the friction between the
backfill and the rock wall in the upper part of the deposition hole and the propagation
of the buffer’s swelling pressure through the backfill against the roof. The pressure
against the roof is expected to increase by about 400 kPa due to the latter effect, since
the pressure spreads through the backfill with a factor of about 2:1.
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Creep movements in the rock around the tunnel arise because the pressure from the
backfill is not sufficient to prevent or significantly counteract rock movements in walls
and floor. This means that creep-induced deformations in the near field around the
tunnels and the upper part of the deposition holes will develop regardless of the backfill
until the deformations have become so large that the backfill has been compressed
enough to mobilize significant counter-pressure. The effect is further discussed in
section 5.6.6.

Block breakout in the roof and walls of the tunnel is prevented partly by the pres-
sure of the backfill against the rock wall, since 100 kPa corresponds to the pressure in
the roof from the weight of a 5 m high rock block. (If the backfill should lack swelling
pressure, progressive loosening of blocks can take place as a result of creep deforma-
tions /Pusch, 1994; Pusch, 1995b/. A stable arch shape is formed after a period of time
estimated at a few hundred to a thousand or so years. This means that the rock mass
situated between the backfill and an imaginary arched plane at a distance of 1–2 m from
the original tunnel roof becomes riddled with fractures and highly permeable. If the
tunnels are oriented in such a way that wedge-shaped blocks become unstable, they will
detach from the rock and sink down onto the fill, which will consolidate under the load
and widen the gap that can form between the blocks and the remaining rock /Pusch,
1994/.)

Model studies/experimental studies

The effect of the friction from the pushing-up of the backfill due to the swelling of
the buffer has, as mentioned in 4.6.2, been modelled /Pusch and Börgesson, 1992/.
Otherwise, no studies have been made of the rock/backfill interaction, with the excep-
tion of BMT in Stripa, where the pressure exerted by the backfill against the rock was
measured.

Time perspective

Processes 1 and 2 occur during the water saturation phase, i.e. within about 100 years of
closure. Creep movements in rock proceed for a long time.

Summary of uncertainties

The swelling pressure on the roof is dependent on the density achieved in compaction.
The difficulties of compacting against the roof make it difficult to guarantee a given
swelling pressure.

The swelling pressure is created by the bentonite in the pores of the aggregate and is
dependent not only on the average density of the bentonite, but also on its homogene-
ity. An inhomogeneous mixture can give a high swelling pressure in the beginning, but
it is not known whether the swelling pressure decreases due to homogenization, owing
to the fact that the bentonite swells out from pores with high bentonite density.

The uncertainties regarding rock creep are dealt with in the chapter on the geosphere.

Handling in the safety assessment

Base scenario: The process is included in the integrated description of the evolution of
the near field.
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Figure 4-12. Thermal expansion/contraction.

Canister defect scenario: See base scenario.

Climate change: See section 5.6.6.

Earthquake: See base scenario.

4.6.6 Thermal expansion

Overview

When the temperature changes in the buffer, the volume of the pore water will change
more than the volume of the mineral phase. The pore water pressure rises when the
temperature increases, and temperature differences between different parts of the buffer
thereby lead to pressure differences, which in turn cause movement of the pore water to
equalize the differences. In the interface against the backfill, the process can lead to
upward expansion of the buffer.

General description

A change in the temperature of the buffer has the following mechanical consequences:

1. The mechanical properties of the buffer can change

2. Water, particles and pore gas in the buffer expand

The influence on the mechanical properties of the buffer in the water-saturated state is
small /Börgesson et al, 1995/. In the unsaturated state, this influence is presumably
small but is not sufficiently well-known.

The expansion of the particles and the pore gas is relatively small. The expansion of the
water, which is about 100 times greater than the expansion of the particles, completely
dominates this process.

9 19-1476
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The influence of the water’s expansion is completely dependent on whether the buffer is
water-saturated or not. Before water saturation the volume of the water can expand
with virtually no other resistance than that offered by the compression properties of the
pore gas. At constant volume this leads (to simplify slightly) to an increase in the degree
of saturation when the temperature increases. The consequences of this are that the
negative pressure in the pore water (suction potential) decreases and that the total
pressure and the pore gas pressure increase. This causes the swelling pressure against
an external restraint to increase slightly. At constant pressure, a slight increase of the
volume is obtained in the same way. However, these changes are small and apparently
without practical significance. The increase in degree of saturation is about 2 percent
at a temperature increase of 50 degrees.

The consequences can be more serious in water-saturated buffer, since there are no
gas-filled pores to swallow the volume increase. At constant volume the pore pressure
increase is great, since the water must be compressed. Theoretically, the resultant pres-
sure increase against the surroundings can amount to several tens of MPa at the tem-
perature changes in question. However, the pressure increase is counteracted by drain-
age of the water through the rock and backfill. This causes a decrease in pore pressure
which occurs in parallell with the temperature increase. This process is relatively fast
and can greatly reduce the pore pressure increase if the temperature increase is slow.

Model studies/experimental studies

The process has been simulated under water-saturated conditions in laboratory tests,
which show that expected stress increases occur, followed by falling stresses due to
drainage of water. A numerical modelling of this process /Börgesson, 1992/ shows that
the maximum pore pressure increase amounts to 8 MPa due to the fact that the rock
drains the buffer. However, this calculation assumes that the rock acts as a filter for the
pore water.

Time perspective

Temperature calculations /Thunvik and Braester, 1991/ show that the maximum tem-
perature in the bentonite at the canister wall is reached after about 10 years, at the rock
wall after about 30 years and furthest away from the canister after another ten years or
so. In the most favourable case, water saturation can arise in the whole buffer after 10–
15 years. In other words, there is a risk that a pressure increase will arise in the interval
between 10 and 50 years after deposition. However, the temperature increase is very
moderate and slow during this time interval. Furthermore, a temperature decrease takes
place simultaneously nearest the canister after about 10 years, which counteracts the
effect.

The corresponding process takes place in the backfill as long as 500 years after deposi-
tion, due to the distance to the nearest canister. In the backfill, however, the hydraulic
conductivity is so high that drainage ought to be complete.

Summary of uncertainties

The process is well understood for water-saturated bentonite. For water-unsaturated
bentonite the thermo-mechanical theory formation is not complete, but the conse-
quences of this process are deemed in this case to be unimportant for safety.
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Handling in the safety assessment

Base scenario: The process is included in the integrated modelling of water saturation

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

4.7 Chemical processes

4.7.1 Introduction, cementation

The term “cementation” has often been used in a broad sense to describe effects of
chemical and mineralogical processes which can lead to various changes in the
rheological properties of the buffer material, for example increased mechanical strength,
brittleness or reduced swelling capacity. A number of completely different processes
could conceivable cause similar effects, and the underlying reactions can occur directly
in the montmorillonite mineral, in the interlamellar space between montmorillonite
layers, or in accessory minerals. The resultant cementation does not necessarily have to
appear in the same area as the underlying process, since released species can be trans-
ported in the buffer by various prevailing gradients (thermal, concentration, etc.) and be
precipitated in various locations and in various forms. The processes discussed in the
following include those reactions that have been offered as possible causes of cementa-
tion of the buffer. On the other hand, it is not correct to discuss cementation as a
process in its own right in this context.

4.7.2 Advection

Figure 4-13. Advection.
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Overview, general description

Solutes (dissolved substances) can be transported with pore water by pressure-induced
flow: advection. In this way, solutes move from areas of higher water pressure to areas
of lower pressure. The process leads to redistribution of solutes in the pore water and
thus affects the pore water composition.

The process is of importance in the buffer during the unsaturated period when a net
flow of water takes place in to the buffer. The principal flow during this phase takes
place in the direction towards the canister, provided that the rock supplies the buffer
with groundwater. Under saturated conditions, the transport of solutes in the pore water
is dominated completely by diffusion, see section 4.5.2, possibly with the exception of
sudden events such as gas pulses or earthquakes, which can cause pressure changes in
the buffer. Water flow in the buffer under unsaturated conditions is dealt with in detail
in section 4.5.1.

Model studies/experimental studies

Several SKB projects have studied flow of water in bentonite material, both during
water uptake and after complete water saturation. Large quantities of quantitative data
are available on different physico-chemical conditions, e.g. densities, temperatures, salt
solutions.

Influx of solutes as a consequence of water flow has also been investigated. Due to these
investigations, our knowledge of flow through water-saturated bentonite is good.

Time perspective

Flow transport in conjunction with water saturation takes place on a timescale of up to
hundreds of years. Flow transport after water saturation is expected to be negligible in
relation to diffusive transport.

Natural analogues

Summary of uncertainties

Handling in the safety assessment

Base scenario: The process is handled in simplified terms in an integrated modelling of
the chemical evolution in the near field.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.
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4.7.3 Diffusion

Figur 4-14. Diffusion.

Overview

Solutes can be transported in stagnant pore water by diffusion. Solutes thereby move
from areas of higher concentration to areas of lower concentration. The process leads to
redistribution of solutes in the pore water and thus affects the pore water composition.

The diffusion process is strongly coupled to nearly all chemical processes in the buffer,
since it accounts for transport of reactants to and reaction products from the processes.
Diffusion of Na+ and Ca2+ ions is, for example, of crucial importance to the ion ex-
change process, diffusion of K+ is an important limiting factor for the illitization proc-
ess, and so on. Diffusion is thereby a central process for the entire chemical evolution in
the buffer.

General description

Diffusion in bentonite has been thoroughly studied in conjunction with radionuclide
transport. This is described in section 4.8.6. The description is applicable to diffusion in
general.

Model studies/experimental studies

Time perspective

Natural analogues

Summary of uncertainties
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Handling in the safety assessment

Base scenario: The process is handled in simplified terms in an integrated modelling of
the chemical evolution in the near field.

Canister defect scenario: See base scenario. Diffusion of radionuclides is also dealt
with.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario, possibly with changed groundwater
composition.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario. Effects of modified buffer thickness resulting from
rock movements may need to be discussed.

4.7.4 Ion exchange/sorption

Figure 4-15. Ion exchange/sorption.

Overview

When the bentonite material in buffer and backfill swells, water is taken up between the
individual particles in the principal mineral montmorillonite. The structure of the
bentonite material is thereby altered drastically, providing the desirable physical proper-
ties. The capacity to bind water between the individual montmorillonite particles (inter-
lamellar hydration) is influenced by the ion content of the bentonite’s pore water. The
physical properties of the bentonite can thereby be greatly affected by the ion content
of the pore water.

Under the chemical conditions that are expected to prevail in a deep repository, it is
above all the total salinity and exchange from Na+ to Ca2+ that can influence the proper-
ties of the bentonite to an appreciable extent. Both increase of ionic strength and ion
exchange to calcium affect the bentonite’s swelling capacity, principally by limiting its
maximum water binding capacity. Material with a low montmorillonite density, e.g. the
backfill, is thereby affected more than material with a high montmorillonite density, e.g.
the buffer.
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Ions in the buffer’s pore water can be bound to the surfaces of the bentonite material.
This phenomenon is usually described as sorption and is of essential importance for the
function of the buffer, since it can affect the mobility of the ions. Two main types of
sorption can be distinguished. The one is characterized by physically dominant bonding
forces (van der Waals or electrostatic bonding) and bonding of the ions is relatively
weak. In the other type, the bonding is of a chemical character (covalent bonding) and
thereby considerably stronger. Essential differences between the two types are that
physical bonding is controlled to a high degree by the concentration of the ions in the
system, while the chemical bonding is normally strongly pH-dependent and takes place
to specific reactive positions and thereby has a pronounced limitation in scope. Differ-
ences in the bonding character between e.g. sodium (physical bonding, ion exchange
character) and cobalt ions (chemical bonding, surface complex character) that have been
adsorbed on montmorillonite are well-documented experimentally /Jansson and Eriksen,
1998/.

General description

Surface chemical processes affect the microstructure and thereby the physical properties
of the buffer and backfill materials. The processes can be roughly divided into ion
exchange and alteration of the total quantity of cations. The most important factor for
both processes is the ion content of the pore water, which is principally determined by
the original cations in the montmorillonite’s exchange positions, readily soluble minerals
in the original bentonite material, and by the surrounding groundwater.

At relatively low salinities, the potential swelling is determined by which cations occur
in exchange positions in the montmorillonite. Large differences between different
cations are well documented for different types of smectite minerals /Schultz, 1969/. In
the case of MX-80 bentonite, most univalent ions in exchange positions entail a large
potential swelling, while larger univalent cations (from Cs+) and polyvalent cations entail
a much smaller potential swelling. Potassium, for example, does not entail any special
problem from the viewpoint of surface chemistry.

Different cations are bound more or less tightly to the montmorillonite surface depend-
ing on how polarizing the ion is. In general, divalent ions are bound more tightly than
univalent ones and therefore tend to replace univalent ions in exchange positions. An
ion exchange from Na+ to Ca2+ can be expected to take place in the bentonite in a deep
repository. H+ ions can also be bound to ion exchange positions, which means that pH
changes can occur due to ion exchange and change of the total cation content. At high
concentrations of cations or with divalent ions in ion exchange positions, H+ ions are
forced out into the pore solution and the pH falls. Due to its ampholytic properties, i.e.
ability to both receive and donate hydrogen ions, the montmorillonite can counteract
external changes in pH. Certain organic compounds can also be bound to ion exchange
positions.

Increased ion concentration generally leads to a reduced potential swelling, and thereby
to effects on the pore geometry that are similar to those of an ion exchange to divalent
ions /Norrish, 1954/. Increased ion concentration further leads to a reduction of the
swelling pressure due to osmotic effects, and to changes in the pore geometry that affect
the hydraulic conductivity of the material /Karnland, 1997a/.
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Influence on pore geometry, hydraulic conductivity and swelling pressure in
buffer: The volume of the buffer is so limited that a maximum swelling of the ben-
tonite cannot be achieved even after complete ion exchange to Ca2+. The pore geometry,
and thereby also the hydraulic conductivity, are therefore not expected to be signifi-
cantly altered after such an ion exchange. Very high ion concentration in the pore water
leads to a significant reduction in the swelling pressure due to osmotic effects, and to an
increase in the hydraulic conductivity. A maximum content of sodium chloride (36
percent, equivalent to saturated solution) leads to a reduction in the swelling pressure
by approximately 50 percent, and an increase in the hydraulic conductivity by approxi-
mately a factor of 10.

Influence on pore geometry, hydraulic conductivity and swelling pressure in
backfill: Due to limitations in present-day compaction technology, in combination with
the quantity of bentonite mixed into the backfill material, the density of the
montmorillonite phase is much lower than in the buffer. In the basic state, the
montmorillonite is therefore swollen to a volume that exceeds the maximum swelling
for the material after ion exchange with Ca2+. The pore geometry in the backfill mate-
rial will therefore be significantly changed by such an ion exchange. An increase in the
total quantity of cations in the pore water leads to a corresponding effect even at low
salinities in the groundwater (a few percent NaCl). The changes lead to a sharp increase
in hydraulic conductivity, lost contact with the rock and an increased risk of piping
(channel formation at high water flow). See further section 4.5.2.

Model studies/experimental studies

Ion exchange is a relatively well-investigated process and quantitative models exist for
calculation of equilibrium states. In principle, for pore water with equivalent concentra-
tions of univalent and divalent ions, low ion concentrations lead to a heavy preponder-
ance of polyvalent ions in ion exchange positions.

Ion exchange from sodium to calcium states has been modelled for deep repository
conditions. Calculations have been carried out for expected repository conditions with
respect to calcium mineral (calcite) and groundwater flows /Wanner 1992/.

Laboratory studies have been performed with MX-80 bentonite that has been com-
pletely ion-exchanged to calcium form. The material was investigated with respect to
hydraulic conductivity and swelling pressure. Salinities of up to 3.5 percent in NaCl
and CaCl2 solutions were investigated at temperatures of up to 130°C. No significant
differences between ion-exchanged and original MX-80 bentonite could be detected for
densities equivalent to that of the buffer /Karnland et al, 1992/.

The effect of high ion concentration on swelling pressure can be calculated with ther-
modynamic models. In maximally pessimistic models, the swelling pressure declines
with rising salinity, ceasing entirely in the buffer at an NaCl content of about 7 percent
/Low, 1987/. Calculations based on less pessimistic assumptions and preliminary experi-
mental studies show that swelling pressure can be expected even in saturated salt solu-
tions /Karnland, 1997a/. Laboratory studies of Canadian bentonite provide support for
the latter calculation method /Dixon, 1996/. Temperature effects on swelling pressure
and hydraulic conductivity are not experimentally documented for very high salinities.
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Time perspective

Influx of groundwater can take place during the water saturation process.

Diffusion of above all Na+ and Ca2+ into the bentonite can take place relatively rapidly
after water saturation if high ion concentrations occur in the groundwater.

The ion exchange process is fast in itself, so the dissolution rate of other minerals and
the transport rate in groundwater and bentonite will control the ion exchange from Na+

to Ca2+. Relevant changes are expected to occur on the hundred-thousand-year scale
according to Wanner’s model. Pessimistic assumptions regarding buffer permeability in
the model (k = 10-11 m/s) entail that the backfill will not deviate dramatically from
calculated buffer values at low salinities. At higher salinities (>1 percent), the elevated
conductivity entails that the transformation can be expected to take place on a 100-year
timescale.

Natural analogues

Many bentonite deposits contain pore water with high salinities. Investigations of effects
of high salinity in natural smectites exist but have not been utilized specifically for
repository-related questions.

Summary of uncertainties

A conceptual description of the swelling pressure in the montmorillonite-saltwater
system exists in report form and shows that the buffer retains a considerable swelling
pressure even in saturated salt solutions /Karnland, 1997a/. A marked uncertainty exists
as regards quantification of hydraulic conductivity at very high salinities (brines, con-
taining over 10 percent salinity). Temperature effects on equilibrium constants for ion
exchange are not well-documented. Temperature effects on swelling pressure and hy-
draulic conductivity at very high salinities have not been investigated. Both conceptual
understanding and a large quantity of measurement data exist for systems with relatively
low salinities (below 3.5 percent).

Handling in the safety assessment

Base scenario: The process is included in an integrated modelling of the chemical
evolution in the buffer.

Canister defect scenario: See base scenario. The evolution described in the base
scenario forms a basis for solubility and sorption calculations in the canister defect
scenario.

Climate change: Effects of altered groundwater composition are discussed.

Earthquake: See base scenario.
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4.7.5 Montmorillonite transformation

Figure 4-16. Montmorillonite transformation.

Overview

The advantageous physical properties of the buffer, e.g. swelling pressure and low
hydraulic conductivity, are determined by the interaction between water and the
montmorillonite mineral in the bentonite. This interaction can be influenced by
changes in the pore water (see section 4.7.4) and by changes in the mineral structure of
the montmorillonite. The mineralogical stability of the montmorillonite is therefore
decisive for the function of the buffer in a deep repository. The mineral is very stable in
its natural environment, but transformations can be expected under very special
geochemical circumstances.

The processes can lead to a reduction of the montmorillonite content, and it is there-
fore important to evaluate the extent to which this occurs in a long time perspective.

One type of transformation that occurs in natural sediments gives illite clay. The trans-
formation rate for this reaction is determined above all by the availability of potassium
and by the temperature in the buffer.

General description

The principal mineral in MX-80 bentonite is montmorillonite, which normally com-
prises more than 75 percent of the mass of the bentonite. The structural formula for
ideal montmorillonite can be written

(Al(4-x) Mgx) (Si(8-y) Aly) O20(OH)4 kz
(x+y)/z n(H2O)

where the sum of x and y can vary by definition between 0.4 and 1.2 units (charge per
O20(OH4)), and x>y. A certain quantity of aluminium (Al) can thus be regarded as ex-
changed for magnesium (Mg), and a smaller fraction of silicon (Si) is exchanged for
aluminium (Al). k designates exchangeable cations, e.g. Na+ or Ca2+, which are needed
to balance all exchanges. The exchange of trivalent aluminium for divalent magnesium
thus leads to a negative net charge in the mineral structure (layer charge), which is
balanced by the cations.
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Figure 4-17. Composition of a number of dioctahedral end minerals based on the formula
unit O20(OH)4, and structure ranges for mica, illite and smectite (montmorillonite).
Modified from /Newman and Brown, 1987/.

Minerals with wide variation in layer charge occur in nature, see Figure 4-17. If the
charge (x+y) per O20(OH4) is near zero (pyrophyllite), there is virtually no interaction
with water, which results in radically different properties than in montmorillonite.
Increasing layer charge and thereby more balancing cations naturally leads to greater
interaction with water. In materials with a sufficiently high layer charge, however, the
cation can be bound to the mineral surfaces and the interaction with water once again
ceases. The end mineral for this series has a charge of 2 per O20(OH4) (mica mineral).
The typical properties of montmorillonite consequently require a mineral with me-
dium-high layer charge.

The fixation of charge-balanced cations is dependent to a high degree on the properties
of the ion. K+ ions are, for example, bound at a lower layer charge than Na+ ions, which
are in turn bound at a lower layer charge than Ca2+ ions. Illite designates material with
a layer charge between that of the montmorillonite and the mica mineral. K+ ions are
therefore bound in illite material, but not Na+ and Ca2+ ions.

The illitization process: In natural systems, elevated temperature leads to transforma-
tion of montmorillonite in the direction towards illite. The process can be described in
simplified terms as follows:

Montmorillonite + K+ → Illite + Si4+ + Ca2+/Na+.

The average mineralogical composition of the montmorillonite in MX-80 is

(Al3.10 Fe3+
0.4 Fe2+

0.02 Mg0.48) (Si7.92 Al0.08)  O20 (OH)4 Na0.48 Ca0.04 Mg0.02

octahedral tetrahedral structural exchangeable
cations cations O and OH cations
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Figure 4-18. Stability ranges for montmorillonite/illite with respect to pH, potassium and
silicon content at 25°C. Simplified after /Aagard and Helgeson, 1983/.

which can be compared with an average composition for 24 illite materials /Weaver,
1973/:

(Al3.06 Fe3+
0.44 Fe2+

0.06 Mg0.56) (Si6.8 Al1.2) O20 (OH)4 Ca0.1 Na0.06 K1.22

The transformation thus includes a marked increase in the layer charge, which is bal-
anced by uptake and fixing of potassium ions from surrounding pore water. The charge
increase normally takes place through a reduction of the silicon content.

Transformation can take place as a partial change in the original mineral structure, i.e.
silicon leaves and illite is formed directly via uptake of potassium. Alternatively,
montmorillonite can go into solution and illite and quartz can be formed locally or
after transport.

No general consensus exists today on the underlying causes of the transformation. One
possible driving mechanism is the fact that the montmorillonite’s pore water generally
contains a higher concentration of dissolved silicon than the saturation value for quartz,
see Figure 4-18. At elevated temperature, quartz is more likely to precipitate and more
silicon can thereby be dissolved from the montmorillonite, leading to increasing layer
charge /Abercrombie, 1994/.

Effects of transformation: Change in the layer charge of the montmorillonite leads to
change in the interaction with water and thereby to effects on the swelling pressure. On
illitization, the interaction virtually ceases and the water previously bound between the
individual layers is released. The pore geometry is thereby changed towards fewer and
bigger pores. Swelling between remaining montmorillonite layers will partially balance
the negative effects. The quantity of remaining montmorillonite will thereby determine
the system’s swelling pressure and hydraulic conductivity. A high degree of transforma-
tion leads to a system similar to that in the backfill. Consequently, sensitivity to the ion
content of the pore water increases with the degree of transformation. Released silicon
is expected to lead to a deterioration of the buffer’s rheological properties, see section
4.7.6.
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Model studies/experimental studies

The illitization process is of great importance from several viewpoints in connection
with prospecting and extraction of oil deposits. The great commercial interest, in com-
bination with the mineralogically interesting process, has led to very extensive research
since the 1960s. A large number of publications therefore exist as a basis for the as-
sumption that the illitization process is not expected to be important in a deep reposi-
tory.

The argumentation can be summarized in three points:

• The bentonite material is close to mineralogical equilibrium to start with.

In its original environment, the bentonite normally comprises a system that is close
to mineralogical equilibrium, i.e. only insignificant mineralogical changes take place.
In a deep repository, the exchange between buffer and surrounding environment is
strongly limited, and the mass of the buffer is relatively great. The bentonite in the
buffer will therefore create its own chemical environment to start with/see e.g. Fritz
et al, 1984/. Two early changes in the chemical environment are obvious, however:

– Increase in the ion content of the pore water as a result of inward transport of
solutes during water saturation. For ordinary groundwater, the increase is small in
relation to the naturally high cation concentration that exists in the
montmorillonite in the buffer.

– Temperature increase as a result of fuel decay. The period with significantly
elevated temperature is, however, relatively short (<5,000 years) /Thunvik and
Braester, 1991/.

The system can thus be expected to be close to mineralogical equilibrium during
most of the repository period.

• Temperature-induced transformation is limited by a shortage of K+.

In order for a transformation to illite to take place, the charge increase must be
balanced by potassium ions. Since the natural fraction of potassium in the buffer may
be kept low, potassium must be transported in from the surroundings. The potassium
requirement to completely convert the montmorillonite in the buffer is about five
weight-percent, which is equivalent to nearly a tonne of potassium for a deposition
hole. Calculations and modellings show that the inward transport is expected to take
place very slowly and that this in itself constitutes an effective obstacle to a substan-
tial transformation /Hökmark, 1995/.

• The transformation rate at the repository’s maximum temperature is very low.

Kinetic models have been developed for calculation of degree of transformation in
smectite-to-illite transformation. Relationships and constants have been established
by means of laboratory experiments and comparisons with natural systems /e.g. Eberl
1976; Pytte, 1982; Huang 1993/. Model calculations show that the transformation
rate in the buffer can be expected to be very low at the temperatures that will prevail
in a deep repository even at relatively high potassium concentrations /Karnland et al,
1995/.
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Time perspective

Relevant changes in the montmorillonite content of the buffer are expected to occur on
a million-year timescale. According to e.g. Huang’s model, 50 percent of the bentonite
is expected to be unaffected after one million years, at a potassium concentration in the
pore water equivalent to that of seawater (0.01 M) and a constant temperature of 90°C,
i.e. the maximum temperature in the deep repository. At temperatures and potassium
concentrations that are expected in the deep repository, the transformation is calculated
to amount to a few percent after a million years.

Natural analogues

Besides in SKB-related investigations, the transformation of smectite to illite is well-
documented for a large number of geological formations. Natural sediments have been
studied by, among others, Burst /1959/; Perry /1970/; Hower /1976/; Colten-Bradley
/1987/; Lynch /1997/. The studies show that increased sediment depth (increasing
temperature) leads to increased illite content, and that low availability of potassium
can be linked to reduced transformation. Special formations where temperature effects
have been obtained from e.g. volcanic activity have revealed a similar transformation
/e.g. Pytte, 1982; Lynch, 1985; Brusewitz, 1986/. Cementation effects as a consequence
of transformation have been studied specifically by, among others, Hower /1976/ and
Boles /1979/.

Summary of uncertainties

The detailed mechanism of the illitization process has not been clarified, so conceptual
uncertainties remain.

The development of a temperature gradient can lead to transport of dissolved silicon,
which could possibly influence not only the transformation rate but also the character
of the transformation process. Transformation of montmorillonite could therefore
proceed along a continuous scale, and in both directions.

If temperature-controlled precipitation of silicon is the controlling kinetic process, layer
charges similar to those in illite can be expected. If the temperature gradient in the
buffer leads to transport of silicon, the increase in the layer charge could conceivably be
higher and mica mineral could be formed even in the absence of potassium. The proc-
ess probably does not pose any threat to the buffer, since the temperature gradient is
maintained during a relatively short period.

Conditions in the buffer that depart significantly from the expected have been found in
laboratory experiments to be able to lead to faster transformation under the following
conditions:

• vapour influence, repeated drying-out /Cotour, 1985; Karnland et al, 1994/

• pH effects /high pH: Velde and Vasseur, 1992; 1992, Karnland, 1997b; low pH:
Zysett 1992/

Velde reports significant effects even at relatively low temperature (35°C). Karnland
reports small effects even after extensive percolation with KOH, pH 13.8, for 16
months. The percolation was equivalent to 10 pore water changes in the buffer.
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The high Fe content of the montmorillonite may influence the properties of the buffer
via:

• redox reactions in the octahedral position,

• cementation with iron compounds in connection with dissolution of the
montmorillonite,

• chloritization, i.e. binding of e.g. Al, Fe or Mg hydroxide between remaining
montmorillonite layers in connection with dissolution of montmorillonite. The
process leads to a loss of swellability, but with greater layer spacing than in the case
of illitization. A greater degree of transformation is therefore required in order to
alter the properties of the material compared with illitization.

Experimental verifications: Since the processes are very slow, laboratory experiments
must be conducted under accelerated conditions, i.e. at high temperatures and potas-
sium concentrations, in order to obtain measurable results /Karnland et al, 1995/.
Comparisons with natural transformations provide an opportunity to verify laboratory
results /Elliot, 1996/.

In transport calculations, the diffusion constants in rock, bentonite and transformed
bentonite constitute an uncertainty. Impurities of potassium-rich minerals can occur in
the bentonite. Release of potassium from these impurities can be calculated. Even for
reasonably pessimistic assumptions for all conditions, calculated transformations do not
pose a threat to the function of the buffer.

Handling in the safety assessment

Base scenario: An upper limit for the ultimate scope of the process is obtained by
estimating the initial quantity of potassium and the influx of potassium from ground-
water and backfill. One weight unit of potassium is equivalent to 20 weight units of
montmorillonite in the transformation. Estimates are made for both buffer and backfill.

Canister defect scenario: See base scenario.

Climate change: Like the base scenario but with modified flows and potassium con-
centrations. The flow can be expected to increase as a result of infiltration of glacial
water, while the potassium content should decrease.

Earthquake: Like the base scenario but possibly with modified flows. Flows around
deposition holes can be affected. This may necessitate different handling compared with
the base scenario.
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4.7.6 Dissolution/precipitation of impurities

Figure 4-19. Dissolution/precipitation of impurities.

Overview

The buffer material, bentonite MX-80, consists not only of montmorillonite, but also
other accessory minerals as well as impurities. In the repository environment, these can
be dissolved and sometimes re-precipitated depending on the prevailing conditions.

Precipitation of carbonates and sulphates nearest the canisters may lead to the forma-
tion of a porous contact zone between the buffer and the canister surface and an in-
crease in the strength of the buffer. When the heat period is over and temperature
gradients no longer exist in the buffer, it is likely that the precipitations will be dis-
solved to some degree and diffuse in ionic form out through the buffer. Precipitation
of silicon may reduce the swelling potential, among other things.

General description

MX-80 bentonite contains approximately 75 percent Na-montmorillonite and 25 per-
cent other minerals. The other minerals are mainly quartz, plagioclase and low concen-
trations of calcite (CaCO3), siderite (FeCO3), pyrite (FeS2) and other clay minerals,
Table 4-3.

Table 4-3. Impurities and accessory minerals in MX-80 bentonite
/Müller-Vonmoos et al, 1983/.

Component Concentration (wt-%)

Carbonate (calcite) 1.4
Quartz 15
Pyrite 0.3
Non-swelling clay minerals 1.4
Kaolin <1
Feldspar 5–8
Humic substances 0.04–0.4
Other 2



SR 97 – PROCESSES IN REPOSITORY EVOLUTION – TR-99-07 145

The calcite and pyrite contents are of decisive importance for pH, Eh and alkalinity in
the repository’s near field. The bentonite also contains small quantities of gypsum
(CaSO4), which may be of importance in an early phase with high temperatures.

The accessory minerals in the bentonite are stable in the environment where they were
originally mined. In the repository, however, they will be exposed to a water which
differs in some respects from that on the original site, in terms of both composition and
temperature. Most accessory minerals in the bentonite are nevertheless stable in normal
Swedish groundwaters. There are, however, some dissolution processes that are impor-
tant:

Calcite dissolution: Calcite is stable in groundwater. In the bentonite, however, the ion
exchange process (4.7.1) will compete for the free calcium ions. The reaction

2XNa + Ca2+ ↔ X2Ca + 2Na+

competes with

Ca2+ + HCO3
– ↔ calcite + H+

The carbonate contents of the groundwaters that may be encountered are sufficiently
low for the ion exchange process to dominate and calcite will be dissolved. This will
entail a consumption of hydrogen ions, i.e. an increase in pH. The water flux in the
buffer is very low, and the reactions are close to equilibrium.

Pyrite oxidation: Pyrite is also stable in groundwater. However, penetrating oxygenated
water can oxidize the pyrite in accordance with

2Pyrite + 71/2O2(aq) + 7H2O ↔ 2Fe(OH)3 + 4SO4
2– + 8H+

Pyrite oxidation releases protons and can thereby lower the pH, but this is buffered by
the aforementioned calcite dissolution. There is enough pyrite in the buffer (the MX-80
material) to consume all initial oxygen left after closure of the repository. The quantity
is also sufficient to prevent any penetrating oxygenated water from coming into contact
with the canister for hundreds of thousands of years.

Dissolution of calcium sulphates: Calcium sulphates (gypsum and anhydrite) and
calcite have lower solubility at high temperatures than at low ones. At an early stage,
when the canister temperature is high, it is possible that they will be dissolved in the
colder portion of the buffer and precipitate on the canister surface.

Precipitation/dissolution of silicon: The largest portion of the impurities in the
bentonite consists of quartz and feldspars. These are normally stable in the natural
repository environment, but their solubilities increase with increasing temperature.
Silicon will dissolve due to high temperature close the canister and will be transported
by diffussion outwards into the colder parts where silicon precipitation may take place.
In the Buffer Mass Test in Stripa, the buffer was analyzed with respect to the distribu-
tion of silicon, but no definite conclusion could be drawn regarding possible enrich-
ment in the coldest part /Pusch, 1985b/.

10 19-1476
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Model studies/experimental studies

Hydrothermal tests with purified standard bentonite (SWY-1) heated to 150–200°C
have shown that cooling leads to precipitation of silicon compounds in various forms.
The precipitation is assumed to cause cementation effects, including a strength increase,
which has been demonstrated in several laboratory investigations /Pusch and Karnland,
1988; Pusch and Karnland, 1991/. According to these investigations, the scope of the
precipitations is dependent on the temperature. At the highest temperature in the buffer
(90°C), the cementation was not of such a great extent that it can be regarded as prob-
lematical. The tests were carried out without a temperature gradient, which cannot be
regarded as pessimistic conditions.

Precipitation of sulphate and carbonate could be observed in one-year tests with hydro-
thermal treatment of MX-80. XRD analyses indicated that sulphates and calcite had
gone into solution and been transported to the hot iron surface, where they had been
precipitated. It is also probable that feldspars went into solution. Quartz was enriched at
the colder boundary /Pusch et al, 1993/.

Several laboratory investigations have been carried out for the purpose of studying the
distribution of readily soluble ions in the buffer’s pore space after water uptake against a
temperature gradient. Effects of the clay’s density, degree of saturation, testing time, open
or closed conditions, and ion content and pressure in the ambient water solution have
been investigated. The experimental results show that the enrichment of solutes is insig-
nificant in specimens with high clay density, and that a high original water content and
high ambient water pressure reduce the enrichment in specimen with lower density
/Karnland, 1995/. Similar studies are currently being conducted in field tests in Äspö
(the LOT project), and in laboratory experiments under the auspices of ENRESA.

Time perspective

The chemical precipitation/dissolution processes are most important at an early stage
when the temperature is high and oxygen remains in the repository tunnels. At later
stages, most of the processes go towards equilibrium. The accessory minerals in the
bentonite are, however, very important if the chemistry in the repository should be
disturbed for some reason; both pH and Eh are buffered very effectively by the minerals
that are common in different bentonite materials.

Natural analogues

Development of salt crusts in arid regions resembles in principle certain conditions
during the water saturation phase. Direct SKB-related studies have not been conducted,
but a large body of literature exists on the subject.

Silicon precipitation occurs at a large number of places where hydrothermal transfor-
mation of bentonite has taken place. Numerous scientific articles have been published,
some directly linked to repository questions, see for example Pusch et al, 1998.

Summary of uncertainties

Most of the conceivable processes are in themselves well known and can be modelled for
less complex systems. However, conditions in the buffer as far as transport and reaction
kinetics are concerned are not fully understood for all processes. Transport of solutes can
take place in different forms and cannot be fully described at present. In particular, mod-
elling problems remain during the water saturation phase, when water is transported
both in vapour and liquid form. Modelling of the system must therefore be coupled to
the THM processes that proceed in parallel with transport and reaction kinetics.
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Silicon is the most common element in the buffer and occurs in a number of different
minerals and phases. The following processes are not fully understood:

• release of silicon from the different minerals,

• transport of dissolved silicon driven by the prevailing temperature gradient,

• precipitation of silicon minerals.

Precipitation of silicon is particularly complex, since it is dependent on several interact-
ing factors and since several conceivable forms occur, both crystalline and amorphous.

The greatest uncertainty concerns the scope of cementation processes as a consequence
of dissolution, transport and precipitation of silicon or Si/Al/Ca compounds. The scope
and consequences of cementation cannot be predicted with reasonable certainty today.

Handling in the safety assessment

Base scenario: The processes are included in the modelling of the chemical evolution
in the buffer.

Canister defect scenario: See base scenario. The evolution described in the base scenario
serves as a basis for solubility and sorption calculations in the canister defect scenario.

Climate change: Effects of changes in the groundwater composition are discussed.

Earthquake: See base scenario.

4.7.7 Colloid release/erosion

Figure 4-20. Colloid release/erosion.

Overview

Montmorillonite from the expanding buffer can intrude into fractures around the
deposition hole. The groundwater in the fractures can erode the buffer. There are two
basic types of erosion:

• Mechanical erosion where particles are torn loose by the flowing water

• Chemical erosion where low salinity disperses the clay gel
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The processes are influenced by the groundwater flow, the compositions of the
groundwater and the clay, and the fracture geometry. The result of the process may be a
reduction in the density of the buffer, which can be of importance for a number of
other processes in the buffer, and that the buffer supplies the groundwater with clay
colloids, which could potentially transport radionuclides.

General description

The sensitivity of the buffer to erosion is dependent on its density, which is in turn
dependent on the external pressure that resists swelling. If the bentonite is allowed to
expand freely, it swells out to a gel with very low density. Since the gel is made up of
thin montmorillonite layers, the bentonite’s erosion tendency is related to the magnitude
of the cohesion between the expanding layers.

Expansion does not take place completely freely in a fracture due to friction between
the bentonite and the fracture wall. The friction gives rise to a residual pressure in the
bentonite that decreases with the depth of penetration. After finished swelling, an equi-
librium situation arises where further expansion is prevented by forces of friction.
However, furthest in at the surface of the gel against the water in the fracture the pres-
sure is close to zero, since there are no forces of friction in the centre of the surface.
The innermost gel layer is thus expanded and sensitive to erosion.

If sufficient water velocity arises against the surface layer of the gel, the outermost layer
will be eroded away. Under this layer the density is higher and the gel is more resistant.
A new equilibrium is established and the gel has the same density as before the erosion,
and the process is repeated. The erosion rate is limited only by the rate of swelling and
the transport capacity of the flowing water.

The buffer consists mainly of a very large number of montmorillonite particles in the
form of very thin mineral layers with a thickness of 10 Å and a length/width ratio of up
to 1 μm. The binding of these particles to one another in the buffer is dependent on the
prevailing physico-chemical conditions, for example temperature and ion concentration.

The mineral layers can be released from each other principally by swelling, i.e. uptake
of water between the layers. In the deposition holes, swelling is prevented by the limited
volume, and individual colloidal particles can therefore in principle not be formed.

Free swelling leading to the separation of individual mineral layers, or small groups of
mineral layers (dispersion), could take place in fractures in the walls of the deposition
holes.

Influence of groundwater composition: Theoretically, the clay could form particles
that are small enough to diffuse away in the groundwater (colloids). In order for the
clay gel to be stable and not be dispersed to a colloidal suspension, the water must
contain sufficiently high concentrations of positive ions. Highly charged ions (highly
polarizing) are the most effective. Concentrations of divalent ions, especially Ca2+, in
deep Swedish groundwaters are generally fully adequate. If the concentration is over 0.1
mM (4 ppm), a stable clay gel is obtained. Univalent ions such as Na+ can fill the same
function, but then a much higher concentration is required.

Influence of groundwater flow: Calculation of the critically high water velocity
needed to erode clay gels in fractures shows that it exceeds the mean water velocity in
the water-saturated repository by a factor of at least 1,000. This means that the water
velocity in channels into which bentonite has penetrated cannot erode away smectite
aggregates under normal hydraulic gradients /Le Bell, 1978/.



SR 97 – PROCESSES IN REPOSITORY EVOLUTION – TR-99-07 149

In the backfill, the risk of erosion is greatest if there is a gap against the roof where the
density of the backfill is lowest. This can occur if a gap exists from the start due to
inadequate compaction or the occurrence of piping during compaction.

When the backfill has become thoroughly wetted, it strives to expand and consolidate
the boundary zone, and the risk of further erosion is eliminated. At the low density
which the backfill will probably have at the tunnel roof, however, the expansion capac-
ity of the backfill in accordance with the repository’s specification does not suffice to
maintain contact with the roof and upper walls of the tunnels, and the risk of washing-
away and considerable heterogeneity in the backfill persists. This can be avoided by
backfilling with blocks with a higher bentonite content near the tunnel roof.

In SR 97, it is assumed that the backfill has a higher conductivity, of the same order of
magnitude as in the surrounding rock. To achieve this, site-specific adaptation of the
backfill may be required.

Model studies/experimental studies

Several laboratory studies have provided a basis for estimation of the penetration rate,
and models have been derived that have been checked against field data /Le Bell, 1978/.

The calculated penetration of the bentonite gel according to the models is about 0.15
mm after 2 years at a fracture width of 0.1 mm, and 15 mm at 1 mm width. After 10
years the equivalent values are 0.52 and 52 mm, respectively, and after 1,000 years 1.5
and 150 mm. After 100,000 years, the penetration depth may be 2.5 and 250 mm,
respectively, with a mean density of the clay gel of 1,500 kg/m3. The results of excava-
tion of the simulated deposition holes in the Stripa BMT showed that the penetration
depth of buffer of such density in water-bearing fractures with an aperture of approx.
0.5 mm was 5–10 mm after 2–3 years, which is in good agreement with the predictions.

The conclusion of the modellings, laboratory tests and field results is that the loss of
buffer out in fractures that have channel widths that can be accepted with regard to
water inflow during buffer application, i.e. about 0.1–0.5 mm, will be negligible.

The concentration of colloids formed from bentonite in granitic groundwater has been
tested in laboratory experiments /Missana et al/. With a saturated buffer, the leached-
out concentration of colloids was below 1 ppm.

Time perspective

Erosion and colloid formation, to the extent that the processes occur, must be consid-
ered on all timescales.

Summary of uncertainties

The estimates made indicate that the risk of chemical and mechanical erosion of large
quantities of bentonite is small. The process should, however, be further studied.

Handling in the safety assessment

Base scenario: The above discussion suggests that erosion of the buffer is not of sig-
nificance for the long-term performance of the repository. The process in neglected in
SR 97 but should be further studied.
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Figure 4-21. Radiation-induced montmorillonite transformation.

Canister defect scenario: See base scenario. See also radionuclide transport with
colloids in geosphere processes.

Climate change: See base scenario. The effect of changes in groundwater composition
may need to be discussed.

Earthquake: See base scenario.

4.7.8 Radiation-induced montmorillonite transformation

Overview, general description

Montmorillonite in the buffer can be broken down by γ radiation. The result is a
decrease in the montmorillonite concentration.

Model studies/experimental studies

Experimental studies have shown that the accumulated radiation doses to which the
bentonite will be exposed in a deep repository do not cause any measurable changes in
the montmorillonite concentration. MX-80 bentonite saturated with weakly brackish
water to a density of 2,050 kg/m3 was irradiated for one year with a total radiation dose
of 3·107 Gy. The specimen was confined in a cylinder whose one closed end consisted
of iron and irradiated with a 60Co source, while the other end consisted of a porous
steel filter through which a water pressure of 1.5 MPa acted /Pusch et al, 1993/.
The irradiated end, which had an adsorbed dose rate of 3,972 Gy/h, was kept at 130°C,
and the opposite end, which had a dose rate of 456 Gy/h, at 90°C.

Mineral assays (XRD, IR, CEC) of this specimen and of a parallel specimen not ex-
posed to radiation but to the same hydrothermal environment as the irradiated speci-
men, showed no significant change in the montmorillonite quantity in either of the
specimens.

Time perspective

Natural analogues
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Summary of uncertainties

Only one experiment has been conducted and it only involved γ-radiation. The effect of
α radiation in connection with a canister failure has thus not been taken into considera-
tion.

Handling in the safety assessment

Base scenario: The process is neglected.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

4.7.9 Radiolysis of pore water

Figure 4-22. γ-radiolysis of pore water.

Overview, general description

Gamma radiation from the fuel that penetrates through the canister can decompose
pore water by radiolysis, forming OH radicals, H2, O2 and several other components.
The oxygen is consumed rapidly by oxidation processes which affect the redox poten-
tial, while the hydrogen is transported away. The canister’s wall thickness is, however,
sufficient so that the effect of γ-radiolysis on the outside is negligible /Werme, 1998/.

Model studies/experimental studies

Time perspective

Natural analogues

Summary of uncertainties
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Handling in the safety assessment

Base scenario: The process is neglected.

Canister defect scenario: The process is neglected.

Climate change: The process is neglected.

Earthquake: The process is neglected.

4.7.10 Microbial processes

Figure 4-23. Microbial processes.

Overview, general description

Microbial processes can under certain conditions result in the formation of gas and
sulphide. Gas formation can give rise to disrupting mechanical effects on the buffer, and
sulphide can corrode the copper canister. Sulphide formation must take place in the
buffer, near the canister, and be of considerable scope for corrosion to be possible,
mainly due to the fact that the solubility of sulphide, and thereby its diffusive transport
capacity, is very low. It is also known that bacteria can bind and transport metals in
ionic form /Pedersen and Albinsson, 1991/. In order for the above-described processes
to take place, the bacteria must be active and have access to water, nutrients and space
/Pedersen and Karlsson, 1995/.

Many bacteria are very radiation-resistant, and the radiation intensity in the buffer does
not constitute an obstacle to bacterial life there.

In a full-scale experiment with buffer material consisting of 50/50 percent sand/ben-
tonite, live bacteria could, with few exceptions, only be detected at moisture ratios in
excess of 15 percent /Stroes-Gascoyne et al, 1997/. This is equivalent to a moisture ratio
of about 30 percent in a pure bentonite buffer as regards availability of water for bacte-
ria. The reason for the poor survival rate is that when the bentonite material in the
buffer swells, water is absorbed between the layers in the montmorillonite from the
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surroundings. Bacteria must then compete for available water with the montmorillonite,
which means that the bacteria must compensate for drying-out by pumping in ions
from the outside so that the osmotic pressure is equal inside and outside the cell mem-
brane. Another strategy is for the bacteria to manufacture polyalcohols, or other os-
motically active organic molecules. This requires a supply of energy and salts, but the
supply of energy, e.g. degradable organic matter, is limited in bentonite. This may mean
that even if a bacterium should be able to actively compensate for a falling water activ-
ity, this is not possible in a compacted buffer. A high buffer density can thus prevent
bacterial growth and result in a kill-off of certain microbe groups. Drying-resistant
bacteria can survive in inactive form. Ongoing laboratory experiments indicate that
sulphate-reducing bacteria can only survive in swelling bentonite if they exist in the
form of endospores. A bacterial endospore is a drying-resistant inactive form in which
the bacterium can survive, but does not then form sulphide or gas. In summary, bacteria
are not expected to survive in a water-saturated buffer with a density above 1,800 kg/m3

/Pedersen et al, 1995/.

Bacteria vary in size from 0.2 to 600 μm and are unable to move in a buffer, since the
space between the clay layers is of the order of 0.002 μm. Bacterial radionuclide trans-
port should therefore be able to be ruled out in a functioning buffer.

The possibilities of bacterial activity in the backfill material increase with decreasing
density and increasing water supply. Many bacteria consume oxygen in their respiration
of organic matter, methane, iron(II) and sulphur. Bacterial activity in the backfill can
therefore be advantageous, since it will make a considerable contribution to desirable
oxygen reduction there.

Model studies/experimental studies

A full-scale experiment with a heated canister and 50/50 percent bentonite/sand was
carried out in AECL’s underground research laboratory in Canada. With few excep-
tions, live bacteria were only found in bentonite with a moisture content in excess of 15
percent, which is roughly equivalent to the availability of water in a Swedish buffer with
a density of 2,000 kg/m3 /Pedersen and Karlsson, 1995/. Elevated temperature had no
influence on the occurrence of bacteria. The conclusion was that the bacteria in the
parts of the buffer with a moisture ratio of less than 15 percent died of drying-out

The Canadian experiment was followed up by laboratory experiments. Two species of
sulphate-reducing bacteria (sulphide formers) were exposed to MX-80 bentonite of
varying density. Surviving bacteria could be detected at up to 1,800 kg/m3, but no life
was found at 2,000 kg/m3 /Motamedi et al, 1996/.

Additional experiments are under way or planned to investigate the probability that
bacteria will survive and be active in compacted bentonite. The working hypothesis at
present is that this probability is very low.

Time perspective

Any bacterial processes in buffer and backfill ought to start more or less immediately,
after groundwater reaches the buffer and backfill. Bacterial activity in the backfill at
least may possibly be greatest immediately after backfilling, only to decline as organic
matter and oxygen in the backfill are consumed.
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Natural analogues

There is a natural analogue in Dunarobba, Italy, where a bentonite slide buried a forest
approximately one and a half million years ago. Trees that have not been decomposed
by microorganisms can still be found. This indicates that conditions for microbial
activity in bentonite clay are unfavourable.

Summary of uncertainties

There are many millions of different species of bacteria and at least a hundred different
sulphate-reducing bacteria. It is not possible to test the working hypothesis (that the
bacterium cannot exist and be active in highly-compacted bentonite) on all of these
species. Instead, the work is focused on investigating representatives of different groups
with different requirements on water, temperature and nutrients. The working hypoth-
esis was recently tested with 10 different species during the LOT test on Äspö, and labo-
ratory experiments have been initiated where survival and activity of these 10 bacteria
will be studied. Finally, tests will be performed to investigate bacteria and their activity
during the field experiments with backfilling and a prototype repository on Äspö.

Handling in the safety assessment

Base scenario: Bacterial processes are neglected, provided that the density of the
buffer/backfill material is not less than 1,800 kg/m3.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

4.8 Radionuclide transport

Figure 4-22. Radionuclide transport in buffer/backfill.
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4.8.1 Overview

After water saturation, radionuclide transport in the buffer is expected to take place
exclusively by diffusion in the pores of the buffer, possibly also on the surfaces of the
clay particles. Neither advection nor colloid transport occurs, due to the properties of the
buffer. Radionuclides can be sorbed to the surfaces of the montmorillonite. Of crucial
importance for this process is the chemical form of the radionuclide, which is deter-
mined by the chemical environment in the buffer via the process of speciation. Along
with transport conditions, radioactive decay determines to what extent radionuclides from
a broken canister will decay before reaching the outer boundary of the buffer.

4.8.2 Advection

Owing to the low hydraulic conductivity of the buffer material, all transport of solutes
in the buffer after water saturation is expected to take place by diffusion, see section
4.5.2.

The backfill has a hydraulic conductivity and a diffusivity that lie in a range where both
diffusion and advection can be important transport mechanisms. However, calculations
show that even with a very high flow through the backfill, the outward transport of
radionuclides will be no more than twice as much as in the case with diffusion alone
/Moreno, 1999/.

4.8.3 Colloid transport

General description

Particles with sizes in the order of 10-9 - 10-6 m (colloids) could form on dissolution
of the fuel. The diffusive transport of radionuclides with colloids through highly-
compacted bentonite is, however, assumed to be negligible, due to the tortuosity and
small size of the bentonite pores. Experiments with 15 nm gold colloids show that
the microstructure of a bentonite with a dry density of 1,000 kg/m3 effectively filters
colloids /Kurosawa et al, 1997/.

Model studies/experimental studies

In diffusion tests with large organic molecules in bentonite, no transport could be
detected. No direct measurements of the bentonite’s ability to filter colloids have been
performed, however.

Time perspective

Natural analogues

Summary of uncertainties
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Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: Does not occur, provided the buffer completely envelops the
canister and has a density of at least 1,000 kg/m3.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

4.8.4 Speciation of radionuclides

General description

Speciation of radionuclides is of importance for sorption and diffusion in the buffer.
It is influenced by what speciation the nuclide had at the boundary to the buffer, i.e.
inside the canister (see section on fuel/cavity), but also by the chemical conditions in
the buffer.

Model studies/experimental studies

If the water chemistry in the buffer is known, the speciation of radionuclides can be
calculated with a thermodynamic equilibrium model, e.g. EQ3/6.

Time perspective

All.

Natural analogues

Not applicable.

Summary of uncertainties

The same applies as for speciation in fuel/cavity, see section 2.7.8.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: The data that are used for diffusion and sorption are based
on one (or more) assumed speciation(s) calculated for the water compositions that can
occur in the buffer.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario. Any changes in pore water composition
influence the speciation, which in turn influences diffusion and sorption.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.
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4.8.5 Sorption

General description

The following discussion is based on /Yu and Neretnieks, 1997/.

The surface of smectitic clays has a permanent negative charge, see section 4.7.4. The
charge imbalance between the layers is neutralized by exchangeable cations. When the
clay is thoroughly saturated, the exchangeable cations are hydrated and an electrical
double layer is formed in the water/clay interface.

The charge-balancing cations are readily exchangeable and can be replaced by other
cations in the solution that is in contact with the clay surface. The sorption of cations
in smectite minerals takes the form of ion exchange reactions and can be modelled with
thermodynamic equilibrium constants or selectivity coefficients. Ion exchange is the
typical sorption mechanism for alkali, alkaline-earth and many transition metals.

Radionuclides can also be sorbed via reactions with the functional groups on the sur-
face. The functional groups on the surface are chemically reactive molecular units
located so that they can be reached by molecules in solution. Since the functional
groups are locked in the solid material, their reactivity is dependent on the reaction
stage of the nearest groups. When a functional group reacts with a molecule from the
solution to form a stable unit, a so-called surface complex has been formed and the
sorption mechanism is called surface complexation. Most actinides and lanthanoids
form surface complexes. Nuclides sorbed as surface complexes cannot be transported by
surface diffusion, see section 4.8.6.

Influence of pore water composition: The sorption of cations by ion exchange is
affected by the concentration of competing ions in solution – the sorption of strontium,
for example, is highly dependent on the calcium concentration, since the selectivity for
calcium is higher. The dissolution of accessory minerals in the bentonite can raise the
ionic strength and thereby reduce the sorption of radionuclides in cationic form.

Influence of density: Sorption is also influenced by density, for example the Kd for
caesium is halved when the density of the water-saturated system changes from 1,300 to
1,950 kg/m3.

Influence of temperature: Most experiments have been carried out at room tempera-
ture. An increase or decrease of the temperature is of importance for sorption, but the
effect in the temperature range expected in the repository is deemed to be covered with
good margin by other uncertainties.

Model studies/experimental studies

In studies of radionuclide transport from a repository, the sorption equilibrium is nor-
mally described as a linear relationship between the sorbed concentration and the con-
centration in solution, characterized by a distribution coefficient Kd, which is defined

K
q
Cd
w

=

where q is the sorbed concentration as mass per weight unit of solid phase and Cw the
concentration in solution. When the concentration of the species in solution is low,
which is normally the case for radionuclides, the linear approximation gives a satisfac-
tory result. There are, however, other relationships that can be applied at higher con-
centrations, e.g. the Freundlich and Langmuir isotherms or ion exchange models.
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Surface complexation models with parameters from well-controlled experiments should
be able to be used to better describe the sorption’s dependence on external parameters
such as pH, etc.

Time perspective

Sorption in the buffer is an important process for many radionuclides. The timescales
that are of interest are dependent on the half-life of the individual nuclide. If the travel
time through the buffer is of the same order of magnitude or longer, sorption is of
great importance for the amount released. Otherwise its importance is secondary.

Natural analogues

Not applicable.

Summary of uncertainties

The distribution coefficient Kd is a measured value which only applies for the conditions
under which the value was measured, and cannot really be extrapolated to other condi-
tions. The case with sorption in highly-compacted bentonite is particularly complicated,
since virtually all water is interlamellar and it can be difficult to define the chemistry.
This makes it impossible to apply the results of sorption measurements in batch tests.

In /Yu and Neretnieks, 1997/, values are given for the apparent diffusivity, Da, which is
the parameter that is really of importance for the retardation of radionuclides, and the
effective diffusivity, De, which controls the transport capacity through the buffer, see
section 4.8.6.

Handling in the safety assessment

Base scenario: Ion exchange models can be used for calculation of the transformation
from Na-smectite to Ca-smectite, see section 4.7.4.

Canister defect scenario: The sorption is calculated with the model COMP23 and
data are taken from /Yu and Neretnieks, 1997/. The report contains both realistic and
pessimistic data sets for both saline and non-saline water.

In the case of the backfill, the sorption coefficients for the radionuclides are calculated
for a 15/85 mixture for all sites, see Andersson /1999/. SR 97 does not take into account
the fact that the backfill may have to be made site-specific to meet the stipulated re-
quirements.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario. Any changes in pore water composition
influence speciation, which in turn influences diffusion and sorption.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.
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4.8.6 Diffusion

General description

The entire discussion of this process applies not only to radionuclides, but also to other
solutes transported in the buffer (canister corrodants, potassium and calcium which can
affect the bentonite, etc.).

Owing to the low hydraulic conductivity of the bentonite, solute transport will be
dominated by diffusion, see section 4.5.2. Diffusion mechanisms for radionuclides,
together with selected diffusion data, are described in detail in /Yu and Neretnieks,
1997/. The following text is based on that presentation.

Diffusion in a porous medium takes place according to Fick’s first law:

J D
dC
dxp
p

= − ε ,

where J is the diffusive flux, Dp the diffusion coefficient in the pore solution, ε is the
porosity and Cp the concentration of the diffusing species.

The pore diffusion coefficient in the pore solution is lower than the diffusion coeffi-
cient in a free volume of the same solution Dw. This is due to the tortuosity of the
pores, which increases the length of the diffusion path, and the fact that there may be
“cul-de-sacs” in some pores. The relationship between Dp and Dw is:

D Dp w=

δ

τ
2

where δ is the constrictivity (the cul-de-sacs) and τ the tortuosity of the pores.

For sorbing species there are experimental indications of yet another diffusion mecha-
nism, which is usually called surface diffusion. The reason for surface diffusion may be
that cations, sorbed in ion exchange positions, are hydrated in the water-saturated clay
and can change place by diffusion. They are, however, bound to nearness to the
montmorillonite surface and in that way sorbed with ion exchange.

Fick’s second law, the diffusion equation, describes changes in concentration of a diffus-
ing species in time and space. For diffusion of a sorbing species in a porous material, it
can be formulated as follows:
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where ρ  is the material’s bulk density and Ds the surface diffusion coefficient. If linear
sorption is assumed, the equation can be written:
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where Kd is the distribution coefficient, De is the is the effective and Da the apparent
diffusion constant, which are defined as follows:
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With the assumption of a linear sorption isotherm, Cp can be replaced by the total
concentration in the porous material by multiplying by ε+Kd ρ in the previous equation,
which gives:

∂

∂

∂

∂

C
t

D
C
xa=

2

2

where C is the total concentration. This is the equation that is normally used for diffu-
sion studies of radionuclides in bentonite. For diffusion of non-sorbing species, Da is
equal to De/ε.

Surface diffusion: It has been observed in several experiments that the apparent diffu-
sion coefficient (Da) for cations and their respective distribution coefficient (Kd) have not
agreed. Da has been higher than expected from Kd and traditional diffusion-sorption
theory. Two explanations of the phenomenon have been proposed: surface diffusion or
reduction of Kd in highly-compacted bentonite compared with batch experiments (loose
gels or suspensions).

Surface diffusion can be explained by cation diffusion in the electrical double layer, see
section 4.8.5. The absence of anions in the double layer makes it possible for cations to
move relatively freely. The sorbed species thus have an alternative transport pathway
with very high gradients, even though the diffusion coefficient may be lower than in the
pores.

Several studies support the theory of surface diffusion, but the phenomenon is still in
question. It is, however, clear that certain cations may have high diffusivities (be trans-
ported effectively), which must be taken into consideration in safety assessments. This is
particularly true of the elements Cs, Sr and Ra.

Influence of sorption: Alternative explanations of the unexpectedly high diffusion
coefficients for certain cations may be that all surfaces in highly-compacted bentonite
are not available for sorption, which means that Kd decreases, or that the actual ionic
strength of the compacted bentonite is higher than in experiments with loose bentonite
gels, which also influences sorption.

Influence of density: The transport of radionuclides in bentonite is influenced by the
density of the material (the degree of compaction). It is not clear whether this is due to
variation in porosity or altered sorption. In most experiments, however, the apparent
diffusivity decreases with increasing density.

Anion exclusion: When bentonite has such high density that the electrical double
layers between two planes are superimposed, a phenomenon known as anion exclusion
occurs. Anions cannot penetrate into the interlamellar pores due to the electrostatic
forces between the negatively charged surfaces and the anion. Anion exclusion signifi-
cantly reduces the porosity available for diffusion. The effect of anion exclusion be-
comes less at high salinities, and in sand-bentonite mixtures it is negligible. The safety-
related importance of anion exclusion is very great – it is one of the few processes that
limits the transport of anions from a damaged canister.

The importance of montmorillonite composition: The interlamellar space is de-
pendent on which ion is in the ion exchange positions. Calcium will eventually replace
the sodium that was originally present in the ion exchange positions. This will cause the
space and the diffusivity to increase.
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Importance of speciation: Different species of the same element can have radically
different diffusivities. As mentioned previously, anionic species have lower diffusivity
than cations, but there are other examples as well: strontium has lower diffusivity at
high pHs than at neutral ones, which can be explained by the formation of the neutral
complex SrCO3.

Model studies/experimental studies

A large number of investigations are described in the literature concerning diffusion
experiments in bentonite and similar clays. It is important to observe which technique
has been used and how the diffusivities have been determined. If, for example, metal
filters have been used, they can greatly influence the results. There is a detailed discus-
sion in /Yu and Neretnieks, 1997/ of different experimental methods and how the
results can be interpreted.

Time perspective

Diffusion processes in the buffer material are of the greatest importance on all
timescales. If the canister is intact, the process is of importance for the stability of the
canister and the buffer. In the event of a defective canister, diffusion is very important in
delaying, reducing and in many cases completely preventing releases of radionuclides.

Natural analogues

The usefulness of natural analogues for determining diffusion constants is limited due
to the difficulty of determining what conditions existed in the past.

Summary of uncertainties

There are shortcomings in our understanding of diffusion processes in compacted
bentonite. The data used in the safety assessment are normally taken directly from
experimental observations. In this way the experiments in the modelling are plagiarized
without full awareness of all underlying details. /Ochs 1997/ contains a review and
summary of the uncertainties surrounding diffusion and sorption in bentonite.

Handling in the safety assessment

Base scenario: Diffusion models are used to calculate canister corrosion and the evolu-
tion of the chemical environment in the near field, mainly the influence on/of the
buffer material.

Canister defect scenario: Diffusion is one of the most important processes when it
comes to determining the release of radionuclides from a damaged canister. Diffusive
transport is calculated using the model COMP23 and data is taken from /Yu and
Neretnieks, 1997/. The report contains both realistic and pessimistic data sets for both
saline and non-saline water.

Climate change: If the evolution leads to canister damage: See the canister defect
scenario. Otherwise: See the base scenario. Any changes in pore water composition can
influence sorption and anion exclusion and thereby diffusion.

Earthquake: If the evolution leads to canister damage: See the canister defect scenario.
Otherwise: See the base scenario.

11 19-1476
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4.8.7 Decay

See decay in fuel/canister, section 2.3.1. Decay of radionuclides in the buffer is handled
in the safety assessment with the models used to calculate radionuclide transport in the
near field.
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5.1 Description of the geosphere

5.1.1 General

The deep repository will be situated in crystalline rock of granitic composition. Gra-
nitic bedrock consists for the most part of quartz, feldspars (potassium feldspar and
plagioclase), mica minerals (biotite and muscovite) and amphiboles (hornblende). In
addition there are small quantities of accessory minerals, which may be of geochemical
importance. Examples of such minerals are pyrite, chlorite, magnetite, calcite, dolomite,
fluorite, apatite, anhydrite and different clay minerals.

The crystalline rock is also characterized by a system of fractures. The frequency,
spatial distribution, size distribution, shape and orientation of the fractures are crucial
in determining both hydraulic and mechanical properties in the rock. Fractures occur
on all scales from microscopic fractures in the rock matrix to fracture zones, i.e. large
zones of significantly elevated fracture frequency in relation to the surrounding rock.
Fracture zones often constitute dominant flow paths for the groundwater, and their size
also determines the the size of rock movements that can occur in a the zone.

5.1.2 Overview of variables

The subsystem geosphere is bounded inwardly by the repository geometry, i.e. the
interface between geosphere and buffer/backfill. The geosphere is bounded upwardly by
the biosphere. In other directions, no clear boundary has been defined for that part of
the geosphere that is included in the repository system and is thus described in detail.
As a rule of thumb, detailed local analyses of e.g. groundwater flow and heat transport
are carried out in a volume that extends from the repository to the surface and equally
far, i.e. around 500 metres, in other directions as well. Those parts of the geosphere that
lie outside this volume are called “distant geosphere” and are included in the surround-
ing environment. Where the boundary goes is allowed to vary as needed in different
analyses.

The geosphere as it is delimited by the variable repository geometry/boundary is
characterized by the mineralogical composition of the rock matrix, matrix minerals,
the temperature of the rock and its mechanical rock stresses. The structure of the
fracture system is expressed by the fracture geometry, and the mineralogical composi-
tion of the fracture surfaces and fracture infillings by the variable fracture minerals.
Hydraulically, the geosphere is characterized by groundwater flows and gas flows in
the fracture system. Groundwater composition is decisive for the chemical evolution
of the geosphere, which is also influenced by gas composition and the presence of
engineering and stray materials in the repository.

All variables are dependent on both time and space. A characteristic of the geosphere is
that the majority of variables change very slowly in time, whereas the geosphere’s spatial
variation or heterogeneity is great.

All variables are defined in Table 5-1.

5 Geosphere



170 SR 97 – PROCESSES IN REPOSITORY EVOLUTION – TR-99-07

Table 5-1. Variables in geosphere.

Repository geometry Geometric description of deposition holes, tunnels, ramps, plugs, rock
supports etc.

Temperature Temperature as a function of time and space in the geosphere.

Groundwater flow Groundwater flow as a function of time and space in the geosphere’s
fracture system.

Groundwater pressure Groundwater pressure as a function of time and space in the geosphere’s
fracture system.

Gas flow Gas flow as a function of time and space in the geosphere’s fracture system.

Fracture geometry Geosphere’s cavities after construction of the repository. All cavities are
included, from fracture zones to micropores in the matrix. Also included here
is the excavation-disturbed zone (EDZ) and any other geometric changes in
the fracture structure induced by construction.

Rock stresses Rock stresses as a function of time and space in the geosphere.

Matrix minerals Chemical composition of the rock matrix as a function of (time and) space,
i.e. a description of the various minerals that occur and their extent.

Fracture-filling Chemical composition of the fracture minerals as a function of (time and)
minerals space, i.e. a description of the various fracture-filling minerals that occur.

Also the amount and composition of fracture-filling minerals in existing
fractures.

Groundwater Chemical composition of the groundwater as a function of time and
composition space in the geosphere, i.e. concentrations of relevant components in the

groundwater. This variable also includes quantities such as Eh and pH, as
well as any radionuclids and dissolued gases.

Gas composition Chemical description of gases in geosphere cavities including any
radionuclides.

Engineering and Chemical composition and quantities of grouts, rock supports, plugs, etc.
stray materials

5.2 Overview of processes

The geosphere will be heated up by heat transport from the fuel via the canister and the
buffer.

The groundwater will be redistributed in the geosphere’s fracture system by groundwater
flow. Gas flow may also occur.

A mechanical state exists initially in the geosphere determind by the natural rock
stresses and fracture systems on the repository site plus the changes to which construc-
tion of the repository has given rise.

The mechanical evolution is determined by how the geosphere responds to the different
mechanical loads to which it is subjected. The loads may consist of the thermal expansion
to which the heating of the repository leads, the pressure from swelling buffer/backfill,
effects of earthquakes and the large-scale tectonic evolution. Changes in the geosphere
may include fracturing, reactivation (sudden movements in existing fractures) or rock creep
(slow redistributions in the rock). Movements in intact rock, i.e. compression/expansion of
otherwise intact rock blocks, also occur.
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Figure 5-1. THMC diagram for the geosphere. Processes and interactions in italics only
accour when the isolation of the cooper canister is broken.
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The post-closure chemical evolution is determined by a number of transport and reaction
processes. The predominant transport process is advection over long distances, but diffusion
also plays an important role over shorter distances and in stagnant water. In advection,
solutes accompany the flowing water. The process leads to mixing of different types of
water from different parts of the geosphere. Reactions occur between the groundwater
and fracture surfaces in the form of dissolution/precipitation of fracture-filling minerals.
In addition very slow reactions occur between the groundwater and the minerals in the rock
matrix. In the groundwater, microbial processes, decomposition of inorganic materials from
repository construction, colloid formation and gas formation take place. During a glaciation,
methane ice formation and salt exclusion can also occur.

If radionuclides are released, they can be transported with the flowing groundwater,
advection. Diffusion can also be important under stagnant conditions. An important
aspect of this is matrix diffusion, i.e. radionuclides diffuse in the stagnant water in the
micropores of the rock and are thereby retained and transported more slowly than the
flowing water. Sorption, where radionuclides adhere (sorb) to the surfaces of the fracture
system and the rock matrix, is also crucial for radionuclide transport. Matrix diffusion
and sorption are the two most important retention processes for radionuclides in the
geosphere. Another factor that can be of importance for retention is sorption on colloidal
particles and transport with them. The chemical environment in the water determines
what speciation (chemical form) the radionuclides will have, which is crucial particularly
for the sorption phenomena. Some nuclides can be transported in the gas phase. Radio-
active decay influences the groundwater’s content of radionuclides and must therefore be
included in the description of transport phenomena.

The complete THMC diagram for the geosphere is shown in Figure 5-1.

5.3 Radiation-related processes

No radiation-related processes of importance for the safety of the repository have been
identified in the geosphere. Radioactive decay is descussed in the section about
radionuclide transport (5.8).

5.4 Thermal processes

5.4.1 Heat transport

Figur 5-2. Heat transport.
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Overview

Heat is transported in the bedrock principally by heat conduction in the intact rock.
The thermal conductivity and heat storage properties of the rocks, which are both a
function of mineral composition, are decisive for the process. To some extent, heat can
also be transported by flow with the groundwater. Heat transfer from buffer/backfill to
the surrondings comprises the boundary condition of the process.

General description

By heat transport is meant the transport of thermal energy that takes place between two
points of differing temperature. Heat transport can take place by conduction, flow
(convection) or radiation. Heat can also be transmitted between different phases in
conjunction with condensation and evaporation. Under steady-state (time-independent)
conditions, the heat transport in solid phases is determined solely by the thermal con-
ductivity λ of the medium. Under transient (time-dependent) conditions, the heat
storage capacity of the medium is also a factor, given by the specific heat capacity c and
density ρ. In general, temperature propagation can be designated as a diffusion process
with the diffusion constant (thermal diffusivity) α = λ/(c·ρ).

A natural heat transport takes place in the earth’s crust from deeper, hotter parts to the
earth’s surface, where a cooling takes place by heat transfer to the atmosphere and by
radiation. Depending on the rock type, heat can also be generated in superficial layers
by radioactive decay in the rock material. The geothermal heat flow is steady-state and
is therefore determined by the rock’s thermal conductivity and by the geothermal gradi-
ent. The latter provides a measure of the variation of the temperature with depth. At a
depth of 500 m, the geothermal temperature is between 7°C and 20°C in Swedish
bedrock /Sundberg, 1995/.

The natural temperature conditions in the bedrock are to be regarded as very stable in a
long time perspective as well, especially at great depths. Near the ground surface there
is some climatic impact, but large and persistent climatic variations are required in
order for this impact to have effect at depths of the order of several hundred metres.
Examples of such climatic variations are glacial cycles with periods of permafrost and
glaciation.

Heat transport in the geosphere can be equated with heat transport in rock. The vol-
umes of other material present in soil strata at the ground surface or in altered fracture
zones, where the principle of heat transport differs somewhat from that in the rock, are
far too limited to be of importance for the thermal evolution in the host rock.

Crystalline rock generally has a low porosity, which means that heat transport takes
place principally by conduction. Convection occurs, but it can easily be shown that the
low mean porosity and the low flow rates in the rock together make the contribution of
convection to heat transport from the repository negligible, see e.g. Thunvik and
Braester /1980/. Furthermore, it is pessimistic to disregard this contribution.



174 SR 97 – PROCESSES IN REPOSITORY EVOLUTION – TR-99-07

Heat production in the deep repository will give rise to a heat wave that propagates in
all directions from the repository. Heat conduction in rock is roughly linear, so the heat
flow from the repository is independent of the geothermal heat flow and will be super-
imposed on it. The process is transient and determined by the total thermal power
output in the repository, by the power distribution and by the thermal diffusivity of the
rock. Heat propagation in the repository declines with time in accordance with known
power-time relationships /Thunvik and Braester, 1991; Hökmark, 1996/. After 100
years, decay power will have been reduced by about 70 percent. At a repository depth
of about 500 m, the heat wave will reach the ground surface a couple of hundred years
after deposition.

Influence of repository geometry: The repository geometry is of great importance.
The temperature at the boundary of the deposition hole is influenced by two factors at
a given canister power and given heat transport properties: the initial power density and
the balance between tunnel and canister spacing. Most important is the power density,
which will be 7 W/m2 at a tunnel spacing of 40 m, a canister spacing of 6 m and a
canister power on deposition of 1,680 W. If the power density is halved, for example by
doubling the canister spacing, the maximum temperature increase at the deposition hole
boundary will be more or less halved. The balance between tunnel and canister spacing
is of less importance, which can be shown by analytical solution, as described below
under “Model studies”. If the canisters, with an unchanged power density of 7 W/m2,
are instead arranged in the square array 15.5 m x 15.5 m, for example, the peak tem-
perature is reduced by around 5°C compared with deposition in the rectangular array
6 m x 40 m. At some distance from the canisters, the balance between tunnel and
canister spacing is without importance.

Influence of the boundaries: The ground surface acts as a cooled boundary, contribut-
ing towards reducing the temperatures in the repository. However, the boundary does
not start to have an influence until the heat pulse reaches the ground surface, which
occurs long after the temperature in the vicinity of the canisters has begun to drop. The
maximum temperature in the near field is therefore not affected by conditions at the
ground surface.

The bentonite buffer transfers the canister power to the rock, and thereby acts as a
boundary for the geosphere. A few weeks after deposition, the heat pulse has reached
and passed the deposition hole boundary. After that the heat flow through the buffer is
quasi-steady-state, i.e. heat is transferred to the rock at the same rate as it is generated
in the canister. After a few weeks, the heat transport properties of the buffer and the
canister are therefore without importance for the temperatures in the rock.

The tunnel backfill has a thermal conductivity of 1.5 W/(m·K) – 2.5 W/(m·K) in water-
saturated conditions and therefore slightly reduces the average thermal conductivity in
the near field. The volume of the tunnels in relation to that of the near field is so small,
however, that the effect can be neglected. The small importance of the tunnel backfill
for heat transport is illustrated by the FEM calculations done for the Prototype Reposi-
tory in the Äspö HRL /Ageskog and Jansson, 1998/.
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Influence of matrix properties: The matrix composition is decisive for the thermal
conductivity and heat storage capacity of the rock. The thermal conductivity of ordi-
nary Swedish rock types varies in the range 2.7–3.6 W/(m·K) /Sundberg, 1995/. The
conductivity of quartzite is 6.6 W/(m·K). The effective thermal conductivity of the host
rock is determined by the proportions of the constituent rock types, and by their
stochastic distribution. The effective thermal conductivity of the rock mass for three
Finnish siting alternatives has been determined to be 3.1, 2.7 and 2.7 W/(m·K), respec-
tively /Kukkonen and Lindberg, 1995/. Specific heat capacity and density also vary with
rock type. In the near field of the canisters, the heat flow will become quasi-steady-state
after a short time, which means that the thermal conductivity is more important than
the heat storage capacity, i.e. than the density and the specific heat capacity, for the
temperature nearest the deposition holes. In heat transport calculations, the standard
value 800 J/(kg·K) is usually used for the specific heat capacity. The density normally
varies between 2,600 and 2,800 kg/m3. The thermal conductivity of the dominant
rock type at Äspö, Äspö diorite, has been determined to be 2.8 W/(m·K) by direct
measurement of thermal diffusivity, density and specific heat capacity /Sundberg and
Gabrielsson, 1998/.

Influence of temperature: The temperature in itself has a fundamental influence on
the process, since temperature differences between different points in space comprise
the very driving force for heat conduction. Furthermore, thermal conductivity is weakly
temperature-dependent. At low temperatures, between 20°C and 100°C, the thermal
conductivity typically declines by about 10–15 percent /Kukkonen and Lindberg, 1995/.
In the area nearest a canister, the maximum temperature increase can amount to
50–60°C, which means that the thermal conductivity is reduced at most by about 10
percent. At a distance of a few metres from the deposition holes, the reduction is much
less. The approximation that is generally made in temperature calculations, namely that
the heat transport properties of the rock are temperature-independent, is therefore
warranted.

Influence of fracture geometry: The presence of fractures reduces the thermal con-
ductivity, particularly if the fractures are filled with air (λ ≈ 0.025 W/(m·K)). Air-filled
fractures represent such a small fraction of the total volume that the effect can be ne-
glected, however. For water-filled fractures, λ = 0.6 W/(m·K), which means that this
influence can also be neglected.

Influence of rock stresses: As the stresses increase, fractures are compressed, which
can marginally increase the thermal conductivity. The effect is small and can be ne-
glected.

Influence on the surface: Heat transport has a marginal influence on the thermal
conditions on the ground surface. The time integral of the thermal power expression
gives the thermal energy that is generated during a given period of time. If it is assumed
that 4,000 canisters are deposited with an initial power output of 1,680 W each, it is
found that a thermal energy of approximately 12 TWh is evolved during the first 1,500
years after deposition. If all of this energy reaches the ground surface and is transferred
to the atmosphere during the period 500–1,500 years after deposition, the annual energy
contribution is the same as that from 600 detached homes, each with an annual gross
energy consumption of 20,000 kWh.
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Importance for thermal evolution in fuel, buffer and canister: At a given canister
power and deposition geometry, the heat transport in the rock is decisive for the tem-
perature at the deposition hole boundary and thereby for the temperature in the buffer
and in the canister. This is the most important safety-related aspect of the process heat
transport in the geosphere.

The temperature at the boundary of the deposition hole will act as a boundary condi-
tion for the heat flow in the buffer and thereby be decisive – together with the heat
transport properties of the buffer, the canister power and any gas-filled gaps – for the
temperature on the canister surface and in the buffer. Design criteria have been set up
for these temperatures that make it possible – with knowledge of the heat transport
conditions in the canister/buffer system – to specify a maximum permissible tempera-
ture at the deposition hole boundary. With the analytical calculation method described
below under “Model studies”, the temperature in the near field, for example at the
deposition hole boundary, can be calculated for different assumptions regarding the
heat conduction properties in the rock, the deposition geometry and the deposition
sequence, which will also make it possible to determine for which assumptions the
design criteria will be satisfied.

Model studies

Numerical temperature calculations with an FEM code have been done by Thunvik and
Braester /1991/. Furthermore, several numerical temperature calculations have been
done in conjunction with thermomechanical analyses /see e.g. Hakami et al, 1998;
Hökmark, 1996/.

Claesson and Probert /1996/ developed a system for analytically calculating the tem-
perature at an arbitrary point in the host rock as a function of time after deposition.
The repository is assumed to be designed as one or more rectangular areas. Both the
temperature at large distances from the repository and the temperature in the area
between tunnels and deposition holes can be calculated. Input data to the calculation
are the heat transport properties of the rock, the power output of the canisters at the
time of deposition, the height of the canister, the power decay, the depth below the
ground surface and the deposition geometry, i.e. tunnel spacing and canister spacing.
It is assumed in the analytical solution that the rock is homogeneous and isotropic and
that its heat transport properties are independent of the temperature. The analytical
solution has been verified by comparison with results from numerical calculation of the
rock temperature in the near field in a KBS-3 repository /Hökmark, 1996/. The solu-
tion has also been verified by comparison with numerical calculations of the tempera-
ture in the far field /Israelsson, 1995/. Figure 5-3 shows analytically calculated tempera-
tures at three points in the near field.

The analytical solution, which is based on the superposition principle, can also be used
to analyze effects of dividing the repository up into smaller, separate units and effects of
performing deposition on several occasions spread out in time.
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Summary of uncertainties

Uncertainties in understanding: There are no conceptual uncertainties regarding the
process.

Uncertainties in data: Some data uncertainty exists when it comes to effective thermal
conductivity and specific heat capacity at the different repository sites. The maximum
temperature increase at the canister hole boundary varies between 60 and 50°C if the
effective thermal conductivity varies in the range 2.7–3.5 W/(m·K). There is also an
uncertainty regarding how the deposition sequence in time and space influences the
temperatures at the beginning of the thermal evolution, i.e. during the first decades
after deposition.

Handling in the safety assessment

Base scenario: Temperature calculations for all candidate sites are performed in SR 97
with site-specific repository layouts and thermal data.

Canister defect scenario: See base scenario.

Climate scenario: Effects of modified boundary conditions are discussed.

Earthquake scenario: See base scenario.

Figure 5-3. Temperature increase at three points in the near field. The temperatures are
calculated using an analytical solution derived from Claesson and Probert /1996/. Absolute
temperatures are obtained by adding the geothermal temperature.

12 19-1476
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5.5 Hydraulic processes

5.5.1 Groundwater flow

Figure 5-4. Groundwater flow.

Overview

The driving force for the water flow in the geosphere consists of differences in potential
energy within the geosphere, where the potential energy of a point is determined by the
pressure and density of the water and the vertical position of the point.

The density of the water is chiefly dependent on the temperature and composition of
the water, above all its salinity.

If the groundwater has constant density, the driving force can be expressed as a gradient
of a flow potential.

The size of the water flow is dependent on the size of the driving force and the water-
conducting capacity of the geosphere. This water-conducting capacity is dependent on
the flow properties of the pore structure and the flow properties of the water in the
geosphere. In loose deposits, the flow properties of the flow structure are determined by
the particle size distribution and the shape and compaction of the particles. In crystal-
line rock, the flow properties of the pore structure are determined by the fracture
structure.

The flow properties are dependent on both the flow properties of each fracture and
how the fractures are interconnected. The flow properties of the fractures are influ-
enced by the prevailing effective stress in the geosphere and any gas presence in the
fracture system. The flow properties of the water are controlled by the viscosity, which
is affected above all by temperature and by the chemical composition of the water. The
flow properties of the water vary within a relatively narrow range, while the flow prop-
erties of the pore structure exhibit a very wide range of variation.
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The groundwater flow is of central importance in the safety assessment. It influences the
chemical composition of the flowing groundwater and thereby the chemical environ-
ment of the repository. In the event of radionuclide release from the repository, the
flowing groundwater comprises a necessary prerequisite for the transport of
radionuclides from the repository to the biosphere.

General description

The hydrologic cycle

The natural cycle of water in nature is usually termed the hydrologic cycle /e.g.
Knutsson and Morfeldt, 1995; de Marsily, 1986/. It is normally divided into the follow-
ing components:

• Water enters the atmosphere via evaporation from lakes, seas, land and vegetation
and transpiration from plants.

• The water is carried by winds and falls as precipitation over land and sea.

• The precipitation infiltrates through the soil or runs on the ground surface to nearby
streams, lakes or sea.

• The portion of the infiltrating water that is not taken up by plants or transported up
by capillary forces percolates down towards the groundwater table and recharges the
groundwater reservoir.

• The groundwater moves below the ground surface under the control of prevailing
hydraulic driving forces and eventually discharges into springs or directly into
streams, lakes or seas.

Precipitation is what ultimately drives the groundwater flow, while the topography and
the flow properties of the geosphere control the flow pattern.

Calculation of groundwater flow

The most common approach for calculating groundwater flows in the geosphere is
based on Darcy’s law, which says that the size of the flow per unit area (q) is propor-
tional to the gradient multiplied by the water-conducting capacity of the geosphere.
The general form of Darcy’s law is as follows:

(5-1)

The mass flow is given by

(5-2)

The equations of state are:
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These equations form the basis for calculating a water flow taking into account pres-
sure, temperature and density conditions. The permeability (k) is given by the proper-
ties of the pore system and the dynamic viscosity (μ) determines the properties of the
fluid. The flow vector is composed of a pressure gradient (grad (p)) and a gradient
dependent on the forces of gravity (ρ · g · grad(z)). Density and viscosity are functions
of temperature (T), solute concentration (C) and water pressure (p). Other parts of the
equations are the accelaration of gravity (g), porosity (n) and time (t). If the water has
constant density, then:
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The water-conducting capacity is expressed in equation 5-5 as hydraulic conductivity
(K); the hydraulic head (h) and the hydraulic gradient (i) are in this case dimensionless.
The flow cannot always be calculated with Darcy’s law. In compact clays at low gradi-
ents, the flow is less than given by Darcy’s law if K is determined at high gradients /de
Marsily, 1986/. The flow is also less than given by Darcy’s law at high gradients, since
friction losses arise due to turbulence /de Marsily, 1986/. In practice, turbulent losses
only arise near pumped wells or near boreholes where water is allowed to flow freely
into a tunnel.

The driving forces and the water-conducting capacity of the geosphere are influenced
by a number of factors, which are described in brief below.

Driving forces

In Sweden, the level of the groundwater table is closely linked to the topography.
The reason is the relatively heavy precipitation and the relatively low permeability of
the bedrock. Local flow systems controlled by the topography usually form near the
ground surface, see Figure 5-5. In groundwater contexts, the hydraulic gradient is
sometimes expressed in percent. The hydraulic head is then expressed as metres water,
and the gradient becomes dimensionless, see equation 5-5. Under natural conditions the
gradient is usually one or two tenths of a percent near the ground surface and usually
decreases and levels out towards the regional topographical gradient.

Flow systems that described associated recharge and discharge areas exist on various
scales. These scales can, for Swedish conditions, be from hundreds of metres to hun-
dreds of kilometres. The length and appearance of the flow path of a water particle is
determined by the topography, the water’s density distribution, and the water-conduct-
ing properties of the rock’s fracture system and of the loose soil strata. Recharge and
discharge in a deep repository area are also dependent on the large-scale groundwater
flow pattern.

Saline groundwaters are often encountered in near-coast areas and at deeper levels in
the interior, with increasing salinity towards greater depth. As salinity increases the
density of the water increases, which in turn influences the pressure conditions. Increas-
ing salinity with depth causes the flow to decrease with depth, and the groundwater can,
under certain conditions, be more or less immobile /Claesson, 1992; de Marsily, 1986/.
If the boundary conditions at the ground surface change, for example due to postglacial
land uplift in the coastal areas, a considerable flow can, however, also arise in the deep
saline groundwater /Voss and Andersson, 1993/.
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Heating of the water causes its density to decrease. A local heating of the water, for
example by spent fuel in the deep repository, can give rise to density changes that create
large-scale circulatory water movements /Claesson, 1992; Probert, 1998/. If the topo-
graphical gradient lies at typical values for Swedish conditions, however, this effect will
have a limited influence on the flow pattern /Thunvik and Braester, 1980/.

A flowing groundwater also affects the temperature field via advective heat transport.
Due to the normally low groundwater flows, however, the heat flow is mainly control-
led by the heat conduction properties of the rock, and the heat transport due to flowing
groundwater can be neglected, see section 5.4.1.

Situations where density variations cannot be neglected entail more complicated model
calculations. In these cases the calculations must also take into account transport of salt
and/or heat.

Flow properties of the pore structure

The flow properties of the pore structure in loose deposits are well described in, for
example, de Marsily /1986/ and are not described here.

The flow properties of the pore structure in crystalline rock are determined by the
fracture structure. The flow properties are dependent both on the flow properties of
each fracture and on how the fractures are interconnected. The flow properties of a
fracture are dependent above all on its aperture, but also its surface structure. The
permeability according to equation 5-1 cannot normally be directly obtained for a
fractured medium; rather, it is necessary to assign approximate flow properties to indi-
vidual fractures or rock blocks, see the section “Model studies/experimental studies”
below.

Figure 5-5. Schematic diagram of topographically induced flow pattern. Both the gradient
and the groundwater flow normally diminish with depth. The occurrence of water-conducting
fractures and fracture zones can, however, result in a much more complicated flow pattern than
the one shown in the figure.
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The rock outside the fractures is called the rock matrix. It normally contains
microfractures with very small apertures. The water flow in the rock matrix is therefore
usually very low at normally occurring hydraulic gradients. The permeability of a large
rock block is therefore determined virtually completely by the open and interconnected
fractures in the block.

The frequency of fractures, their spatial distribution, size distribution, shape and orien-
tation distributions determine how hydraulically connected the fractures are. Extensive,
elongated formations with a markedly increased fracture density in relation to the
country rock are called fracture zones. Such fracture zones often constitute dominant
flow paths for the groundwater. Fracture fillings in the form of clay can, however, result
in low permeability in a zone despite the presence of many fractures. The width of the
fracture zones can vary within wide limits, from a decimetre to tens of metres. Nor-
mally the transition from “rock” to “fracture zone” is diffuse, since the fracture fre-
quency often increases in towards the fracture zone.

In the case of individual fractures and fracture zones, both of which can be regarded as
two-dimensional bodies, the water-conducting capacity is given by the transmissivity.

Hydraulic experiments in the field have shown that fractures and fracture zones exhibit
considerable spatial variations in water-conducting capacity, i.e. the system is hydrauli-
cally heterogeneous. Their water-conducting capacity can vary by several powers of ten.
Variations within a given rock type are generally greater than the differences between
the mean values for the different rock types. Models devised for prediction/analysis of
groundwater flow (and thereby also solute transport) must in one way or another take
this heterogeneity into account.

The transmissivity of an individual fracture is roughly proportion to the cube of the
aperture according to the cubic law. This means that transmissivity can vary several
powers of ten for a relatively small change in aperture. The cubic law, which applies to
flow between two parallel discs, cannot be applied directly to natural fractures, however.
Due to the surface structure of the fracture, some parts of the fracture are impervious
when the fracture sides lie up against each other or due to the fact that the fracture is
partially filled with clay and rock fragments. This limits the available space for flow,
compared with the ideal case. Further, the fracture aperture can vary in the open part of
the fracture /National Research Council, 1996; Hakami, 1995/.

Since the aperture varies, the flow in a fracture tends to vary in the fracture plane. Most
of the flow is concentrated along winding channels in the plane. This means that only a
portion of the fracture’s open volume is utilized for a large part of a flow that is created
by a constant gradient. If the direction of the gradient changes, the pattern of the chan-
nels in which most of the flows take place is altered.

Several factors can influence the fracture’s transmissivity. If the mechanical load (effec-
tive stress) on the fracture increases, the aperture decreases and the portion of the
fracture surface that lies up against the opposite fracture surface increases. This leads to
a decrease in the fracture’s transmissivity. The transmissivity change per stress change is
greatest at low effective stresses. If the mechanical load becomes too great, existing
fracture planes may be displaced relative to each other, the rock may fracture further
along existing fracture planes, or new fractures may be created. Movements that displace
one fracture plane relative to the other may also occur. These mechanical phenomena
may increase or decrease the local permeability of the rock. Heating or cooling of the
rock is another process that can cause changes in apertures and affect the permeability
of the rock.
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If the water pressure in the fracture changes, for example because pumping is started in
a nearby borehole, the whole fracture becomes hydraulically activated as long as the
pressure change persists. The water pressure change causes deformation of the fracture
and a volume change of the water in the fracture. This leads to the abstraction or
infusion of a certain volume of water from or into the fracture, depending on whether
the pressure decreases or increases. It is a relatively rapid sequence of events, owing to
the fact that the water and the fractures have high compressibility and that the total
fracture porosity is low. The volume of water per unit volume of the geosphere that is
released from the fracture at a pressure change under closed conditions is usually
termed the specific storage. If the fractures are open to the atmosphere (open condi-
tions), the fractures are not compressed appreciably and are therefore drained. The
volume of water per unit horizontal area that is released is normally termed the specific
yield in this case. Much more water can be released at a given pressure change under
open conditions than in fractures deep down in the rock. The specific storage and yield
influence how long it takes for the groundwater table to reach the undisturbed level
after a drawdown, caused for example by the construction of a deep repository. The
time is also influenced by the permeability of the rock, the pore volume in tunnels, the
proportion of precipitation that percolates, and infiltration from streams, lakes and seas.

The fracture surfaces are normally coated with various fracture-coating minerals. If
precipitations occur on the fracture surface, the aperture decreases and transmissivity
decreases. Certain fractures may be more or less healed by fracture-coating minerals
and are then virtually impermeable. If fracture-coating minerals dissolve, transmissivity
increases.

Flow properties of the water

The flow properties of the water depend on its viscosity. The viscosity is above all
related to the temperature, but also to the salinity. The pressure has very little influence
on the viscosity /Earlougher, 1977/. Increased temperature reduces viscosity and thereby
increases K, see equation 5-5. At normal temperature gradients in Swedish bedrock
(around 15 degrees/km) the viscosity is halved at 2,000 m depth compared with the
expected viscosity near the ground surface. Near a canister the water temperature may
approach 100°C, which makes the viscosity about one-fourth of the viscosity at undis-
turbed water temperature at 500 m depth. If the salinity is a few percent it only has a
minor influence on the viscosity /de Marsily, 1986; Earlougher, 1977/. In general the
influence of temperature and salinity on viscosity can be disregarded.

Influence of gas flow

The quantity and composition of the gas that is always present naturally in groundwater
varies. In Sweden, geogases normally consist mainly of nitrogen and helium. Gas is also
expected to be produced in the repository, section 4.5.3. The quantity of gas produced
in the repository is expected to be low and probably will not appreciably affect the
groundwater flow.

The gas may be dissolved or in the form of gas bubbles. Dissolved gas does not influ-
ence the water’s flow properties. If the water pressure in water containing dissolved gas
is lowered below a given level, gas bubbles will form in the fracture system. The water-
conducting capacity of the fractures will then be reduced where the bubbles form. This
can mainly be expected to occur near open tunnels (in contact with the atmosphere) and
near boreholes, where a sharp pressure fall can occur if the borehole is flooded or
pumped.
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Experience from several tunnel investigations has shown that the radial hydraulic con-
ductivity appears to diminish nearest the tunnel walls when the tunnels are open to-
wards the atmosphere. Explanations for this phenomenon have been sought in stress
redistributions and chemical precipitations. Another explanation is that the conductivity
decrease may be a phase boundary phenomenon between air or other gas and water.
The process is then described by a two-phase flow system. Knowledge of two-phase
flow can be essential in evaluation of hydraulic field tests and for the resaturation proc-
ess for buffer/backfill. When the deep repository is closed and sealed, the backfill
material in the tunnels and the surrounding rock will gradually become water-saturated.
This leads to an increase in the water-conducting capacity due to dissolution of the gas,
and the water-conducting capacity of the rock nearest the tunnel may become higher
than in surrounding rock due to the elevated fracture frequency /Emsley et al, 1997;
Olsson, 1994; Jarsjö, 1998/.

Influence of land uplift

During the most recent glaciation, the ice cap depressed the bedrock several hundred
metres. When the ice retreated, the earth’s crust began resuming its original form, and
this process of land uplift is still going on, causing displacement of the coastline along
most of Sweden’s coast. This is causing the boundary conditions for groundwater flow
to change with time in near-coast areas. When sea becomes land, some of today’s dis-
charge areas will become recharge areas during the next thousand years. These dynamic
boundary conditions influence the large-scale flow pattern, and some flow arises in the
deep-lying saline groundwater /Voss and Andersson, 1993/.

Influence of climate change

In a long time perspective, considerable climate change is expected to take place, which
influences the boundary conditions in groundwater flow models. From the viewpoint of
groundwater flow, future cold periods with growing glaciers are probably the most
important. A transition to a colder climate is expected within 5,000 to 10,000 years in
different parts of Sweden. By defining different climate scenarios, effects on the
groundwater flow can be studied in calculation models. Examples of scenarios are given
below. The scenarios are described more thoroughly in Boulton et al /1999/.

From a hydraulic point of view, there is a great difference between an advancing glacier
and a glacier that is retreating due to melting. An advancing glacier is expected to be
cold, with a frozen bottom at the front. Permafrost exists in front of the glacier. The
rock volume encompassed by the permafrost should exhibit a much lower water-con-
ducting capacity than the unfrozen rock. The permafrost might possibly influence
fracturing and the water chemistry in and near the frozen rock mass. During the first
few thousand years of glacial growth, the above conditions should prevail within the
area of glacial advance. A few kilometres from the front of the glacier, the lower part of
the glacier melts and the water pressure under the ice is high, causing the meltwater to
infiltrate into the bedrock. The permafrost in front of the glacier and the frozen rock
mass ought to make the flow paths of the water from infiltration to discharge areas
relatively long. Some of the infiltrated water is probably diverted to glacier streams
under the ice that discharge at the glacier front. These glacier streams are responsible
for the formation of eskers. Furthermore, the groundwater pressure declines locally near
the glacier streams. The load from the ice can cause an increase in effective stress,
which should cause the fracture aperture to decrease, at least locally.
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A glacier that retreats as it melts probably has no or little permafrost under its front
part and none ahead of the glacier front. This means that large gradients can arise
nearest the front, and many of the potential flow paths from infiltration under the ice to
the discharge areas are shorter than for the advancing glacier. The groundwater flows in
the area near the glacier front may be large compared with other times. Some of the
infiltrated water is probably diverted in glacier streams under the ice, which discharge at
the glacier front in this case as well. The front edge of the glacier may be highly frac-
tured, and under such conditions the groundwater level is controlled by the topography
in the fractured area. The slope of the glacier front is probably also greater than that of
an advancing glacier. This means that the mechanical load of the ice may create
displacements in the bedrock and alter the effective stress, which can in turn alter the
permeability in the rock.

The global sea level is probably also changed during the glaciation. The depth of the
sea and the coastline displacement are dependent on the global sea level change and the
downwarping of the ground surface due to the advancing glacier and the subsequent
land uplift when the glacier retreats. This influences the potential differences that drive
the groundwater flow.

Influence by humans

Future human intrusions can change the boundary conditions and thereby the flow
conditions at repository level. Rock-drilled wells for water supply are sunk in water-
bearing portions of the rock, which can sometimes be major permeable fracture zones.
If these zones are hydraulically connected to the flow system around the repository,
pumping-out of groundwater will probably have an effect on the flow conditions
through the repository. Similar interventions with perhaps even a greater influence on
flow conditions are deep tunnelling projects or other activities that involve the abstrac-
tion of large groundwater quantities in the vicinity of a deep repository.

Local changes in groundwater recharge can occur as a consequence of, for example,
construction of dams, drainage of wetlands and urbanization. Human influence is
described more thoroughly in Morén et al /1999/.

Model studies/experimental studies

Predictive modelling of water flow and transport in fractured rock is complex in com-
parison with in porous geological media. To describe the groundwater flow in the
bedrock, it is necessary that the heterogeneous nature of the rock be represented in the
models and that the scale on which the calculation problem is considered be taken into
account. Different approaches are used, representing different idealizations of how the
groundwater flows. The idealized approaches for calculating groundwater flow can be
divided into discrete models and continuum models. In discrete models the water flows
through networks composed of discrete fracture planes /National Research Council,
1996, Dershowitz et al, 1995; Nordqvist, 1995; Long et al, 1985; Cacas, 1990/.
In continuum models, the properties of the rock vary continuously /Norman, 1992;
National Research Council, 1996; Follin 1992/. Then there are channel network models
/Gylling ,1997/, which are, however, to be regarded as continuum models from a
groundwater flow viewpoint, while the transport hypotheses may be different compared
with other continuum models, see section 5.8. The choice of model depends on the
purpose of the analysis in question, what geometric scale is to be studied, and available
data.
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Regardless of the chosen model concept, the models must include the processes which,
according to the above, significantly influence the groundwater flow. The hydraulic
driving forces come in as boundary conditions in the models, and these have a great
influence on the results. It is primarily a question of whether the dominant contribution
to groundwater movements at repository depth comes from regional groundwater
systems or from local topography in combination with steeply-dipping structures /e.g.
Voss and Andersson, 1993/. If the modellings take into account density differences in
the groundwater caused by salinity variations and/or temperature differences, boundary
and initial conditions for temperature and salinity must also be determined /Follin,
1995/.

A large number of experimental studies have been conducted during the past 20 years
at, among other places, Stripa Mine /Fairhurst et al, 1993; Gnirk, 1993; Gray, 1993;
Olsson, 1992/, the Äspö HRL /Wikberg et al, 1991; Rhén et al, 1992; Emsley et al,
1997; Rhén et al, 1997/ and at Finnsjön in Sweden /Ahlbom et al, 1991; 1992/. A
number of important experimental studies have been conducted at Grimsel in Switzer-
land and at URL in Canada as well. Modelling concepts have been tested and devel-
oped within SKB, and a number of international projects have been carried out such as
Stripa, Decovalex /Stephansson et al, 1996/, Intraval /Larsson et al (Eds.), 1997/ and
within the Task Force at the Äspö HRL /for example: Gustafson and Ström, 1995;
Svensson, 1997a,b/.

Time perspective

After the deep repository has been closed, the groundwater table above the repository
will gradually be restored to original levels. The restoration is, as previously mentioned,
dependent on a number of factors. Local conditions are important. It will probably take
tens of years to perhaps 100 years for the groundwater to reach its original, undisturbed
level. The time required to restore the groundwater level is, however, short compared
with other processes that can influence the performance of the deep repository. In near-
coast areas, the construction of the final repository will result in the intrusion of deeper-
lying more saline waters into the tunnel system. How long it will take to obtain a saline
water distribution similar to the original is unclear.

Climate change and land uplift are constantly ongoing processes. Land uplift before the
next cold period with glacier advance is expected to continue for several thousand years.
A cold climate with altered precipitation conditions, permafrost and glaciers will prob-
ably influence conditions in large parts of Sweden during the period between approxi-
mately 10,000 and 100,000 years from now. This will lead to slow changes in the size
and pattern of groundwater recharge.

The time perspective for solute transport is discussed under transport processes, section
5.8.

Natural analogues

Geochemical, hydrochemical, palaeogeological and palaeohydrological studies can
provide an insight into long-term and large-scale flow patterns, see e.g. Wallin /1995/.
By studying the distribution and composition of fracture-filling minerals and the com-
position of the groundwater, certain conclusions can be drawn or judgements made
regarding flow patterns and flow conditions. The consistency between the chemical
information and the hydrogeological information can be analyzed, which strengthens
confidence in site-specific descriptions of the geosphere.
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Summary of uncertainties

Predictions of the properties of the geosphere contain several uncertainties. One reason
for this is reliance on limited site investigations and the fact that it is not possible to
completely describe the entire rock volume in detail. Due to uncertainties regarding the
existence, direction, size and properties of conductive structures, many flow paths from
the repository to the biosphere are conceivable. The existence, direction, size and prop-
erties of major conductive structures may be known with great certainty within certain
well-investigated rock volumes, while uncertainty regarding the same structures, and
others, may be great in rock volumes with low investigation intensity. Spatial variability
can be expected to be great within both identified major fracture zones and the rock
mass between these zones. The variability can in practice only be described statistically,
since the number of measurement points will be limited. The number of measurement
points and measurement methods must be chosen so that a satisfactory statistical basis is
obtained for the description of the geosphere.

A considerable uncertainty lies in the determination of the interconnected network of
conductive structures. The connection between geologically interpreted structures and
hydraulic structures is not clear-cut, and cross-hole tests are generally required to estab-
lish connectivity on a larger scale with certainty, while a large number of single-hole
tests are required to obtain statistical measures of the flow properties of the rock. The
evaluated water-conducting properties obtained from field measurements also exhibit a
scale dependence that must be taken into account when assigning properties in a
groundwater flow model. There are several suggestions on how scale transformation can
be done, but uncertainties still exist concerning how it should be done in a correct or
acceptable manner. Uncertainties in the models can, however, be reduced by measure-
ments in the field. By measuring pressure and flow in the rock mass under different
conditions, data are obtained that can be utilized to test and calibrate models.

By means of studies of existing glaciers and structures of the existing quaternary geol-
ogy, large advances have been made during the past ten years in our understanding of
what happens beneath a glacier and near its front. Large uncertainties concerning the
boundary conditions on the ground surface under and near a glacier during a glacial
period still remain, however. Large uncertainties also exist regarding what the next
glaciation will look like in quantitative terms, such as the ice’s rate of advance, thick-
ness, etc.

Handling in the safety assessment

In modelling groundwater movements in the safety assessment, it is very important to
examine what different uncertainties mean for the performance of the rock barrier.
Assessments of uncertainty intervals within the framework of a site description make it
possible to define different variation cases in the safety assessment, which can be used to
study the consequences of the uncertainties. In a similar manner, different temporal
changes – such as climate changes, land uplift, etc. – can be illuminated by variation
analyses.

Base scenario: In the base scenario it is of interest to study flows at repository level and
the inward transport to the repository of solutes in the groundwater. These factors can
influence the chemical environment and evolution of the repository. Groundwater flow
models can form an important component in these analyses, or alternatively approximate
mass balance calculations can be carried out to determine the quantity of solutes that can
be transported to the repository. This latter alternative is chosen in SR 97.
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Groundwater flow models are also used to describe how the pre-closure repository can
attract saline water due to pumping of the tunnels (upconing) and how resaturation of
the tunnels proceeds once pumping ceases. Transient simulations are required for this
type of calculation. A saline water at the repository can influence the function of the
bentonite negatively. A slow resaturation entails retardation of the establishment of
reducing conditions at the repository. However, these two processes are only judged to
have marginal effects on total safety and are dealt with approximately in SR 97.

Canister defect scenario: This is the main scenario in SR 97 as regards analysis of
radionuclide transport in groundwater. Releases from defective canisters result in
groundwater transport of radionuclides through the geosphere to release points in the
biosphere. Since the canister defect scenario is based on present-day conditions, non-
transient simulation is used, i.e. any changes in the geosphere with time are neglected.

The primary quantity to calculate is flow of radionuclides to the recipient (biosphere)
with a given flow of nuclides from the buffer/backfill. To carry out these calculations,
flow models on a regional and local scale are used in SR 97. The regional models
provide an overall understanding of large-scale groundwater flow patterns and direct
boundary conditions for the local models. Density-driven flow is incorporated in the
regional models as needed, i.e. the composition of the groundwater affects the flow.

The local models provide the magnitude of the flow at repository level plus flow paths
through the geosphere to the recipient. Density-driven flow is not incorporated in the
local models in SR 97. The results from the local models are used for further calcula-
tion of radionuclide transport. The code HYDRASTAR /Norman, 1992/ is used for
modelling of local groundwater flow in SR 97. Due to the natural variability of the
geosphere and the limited availability of data, a stochastic approach is applied. This
means that multiple realizations – all equally probable – are generated in the flow
models so that distributions rather than individual values of the relevant parameters are
obtained. The distributions reflect an uncertainty caused by the spatial variability.

Input parameter values that define the flow models – such as the underlying statistical
model for hydraulic conductivity, the existence of well-defined conductive structures
(fracture zones) or boundary conditions – can be burdened with uncertainties. This
parametric uncertainty is often analyzed via variation cases in the safety assessment. The
variation cases can be viewed as sensitivity analyses where the response of the geosphere
models to changes in input parameter values are systematically studied.

Climate change: Climate change can have important consequences for the barrier
performance of the geosphere. Climate change may entail changes in both conductivity
distribution and boundary conditions as well as altered chemical conditions. Both
transient simulation and approximate calculations are used in SR 97 to shed light on
these effects.

Earthquake: Earthquakes can lead to a more or less instantaneous change in fracture
structure and resulting conductivity distribution. However, this aspect of earthquakes is
not addressed in SR 97; instead, quantitative analyses are made of what magnitude of
earthquake would be required to cause damage to the canisters in the repository. The
mechanical effects on the repository are thus deemed to be more important than me-
chanical or hydraulic/hydrological effects on the geosphere.
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5.5.2 Gas flow/dissolution

Figure 5-6. Gas flow/dissolution.

Overview

Gas from the repository can be transported through the fracture system in the bedrock
up to the biosphere. Flows of water and gas influence each other in the fracture system.
Further, gas can be dissolved in the groundwater and thereby be transported like other
solutes with the water.

Gas transport can be significant because it influences the groundwater flow and because
certain radionuclides can be transported in the gas phase.

General description

Gas that is generated in the waste can entail increased loading of and possible fracturing
in the barriers in the near field, and may also affect the water flow. Gas that leaks out
through the near-field barrier will pass through the tunnel area and the excavation-
disturbed zone (EDZ) surrounding the tunnel. It is possible that the EDZ has higher
permeability than the surrounding rock, and that it thereby constitutes a preferential
transport pathway for the gas, see section 5.5.1. Eventually the gas is transported further
out into the rock in the far field.

Gas can also enter the repository via air that enters during construction, and then
remains after backfilling. The backfill material may also contain considerable quantities
of air. When the repository is closed and the water pressure increases, this may lead to
dissolution of the gas in the water /Olsson, 1994/.
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Gas dissolved in water follows the groundwater flow. The flow of separate gas and
water phases in the rock can generally be described as a two-phase flow. The forces that
influence the flow of gas and water are mainly gravity and the pressure for each phase.
Since gas is as a rule lighter than water, gravity generally leads to an upward force for
the gas flow. The pressure distribution in each phase (gas or water) is highly dependent
on how strongly the phase is bound by capillary forces to the solid medium and there-
fore on how large a fraction of gas and water is present in the pore spaces. As a rule,
the capillary binding forces for water are much stronger than those for gas, giving the
water a tendency to adhere to the rock. This means that the driving force for water
transport tends to be directed from “wet” to more “dry” areas. The relationship be-
tween degree of saturation and pressure for gas and water is strongly dependent on the
fracture and pore geometry of the rock. In general, the capillary forces are stronger the
smaller the pores and fractures the rock contains. Experimental data are required for
calculations. The two-dimensional nature of the rock fractures may entail a greater
channelling of the water flow compared with the two-phase conditions in three-dimen-
sional media /Jarsjö, 1998; National Research Council, 1996/.

The size of the gas and water flow is also dependent on the conductivity for the phase
in question. The conductivity is also strongly dependent on the degree of saturation for
the phase. This is particularly true for water, where the conductivity decreases rapidly
with even a small presence of gas in the system. This is due to the fact that the large
fractures and pores, which represent the greatest conductivity, are rapidly emptied since
the water is not so tightly bound by capillary forces there. The gas, on the other hand,
rapidly occupies the large pores, so that the conductivity of the gas rises rapidly at even
a moderate degree of saturation. The dependence of the conductivity on the degree of
saturation for the phase in question is determined experimentally if quantitative calcula-
tions are to be made.

Model studies/experimental studies

Experiments have been conducted both in the laboratory environment and in the field.
Field studies have, for example, been conducted at the Äspö HRL /Jarsjö 1998/, at
Stripa /Olsson (Ed.), 1992/ and at Grimsel /Finsterle and Pruess, 1995/. The results of
laboratory studies are reported in Jarsjö /1998/.

Calculations that have been performed /Wikramaratna et al, 1993/ show that it is possi-
ble that the geosphere has great capacity to transport gas from the repository up to the
surface. The natural fracture system can thus constitute a rapid transport pathway for
the gas.

Time perspective

The timescale for gas transport from the repository to the atmosphere is considerably
shorter than the timescale for water transport.

Natural analogues

Not applicable.

Summary of uncertainties

A realistic description of gas flow in the geosphere would be burdened with great
uncertainties. The uncertainties can be handled in the safety assessment by treating the
process pessimistically, see below.
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Handling in the safety assessment

Base scenario: Where gas is present in the fracture system, this leads to reduced
groundwater flow. It is therefore pessimistic from the perspective of the safety assess-
ment to neglect gas transport when modelling groundwater flow.

Canister defect scenario: To the extent radionuclides can occur in the gas phase, it is
pessimistic to regard the geosphere as short-circuited for the gas, i.e. the gas immedi-
ately reaches the biosphere on release from the buffer. This is dealt with in detail in
section 5.8.

5.6 Mechanical processes

5.6.1 Introduction

General

One of the fundamental safety functions of the bedrock is to give the repository’s engi-
neered barriers a mechanically stable environment in both the short and long term. This
means that the functions of the buffer and the canister may not be altered significantly
by deformations in the rock. Another safety function of the bedrock is to retard the
transport of radionuclides to the biosphere, which from a mechanical viewpoint means
that the retention properties of the rock may not be seriously degraded by large move-
ments along fractures and fracture zones, or by extensive formation of new fractures.

In general, the Swedish bedrock offers an environment that can protect and secure the
repository functions. Sweden’s crystalline basement comprises a part of the Baltic
Shield, which extends from the Kola Peninsula and Karelia over Finland and Sweden to
southern Norway. The rock types that occur in different provinces of the Baltic Shield
are approximately 900 to 2,500 million years old.

Deformation and strength properties of the rock mass

In a mechanical sense, the rock mass is composed of intact rock (rock blocks) and
discontinuities (mainly fractures and fracture zones). When the rock mass is loaded, it is
deformed by deformation of the intact rock (possibly with formation of new fractures),
and by displacement, compression or widening of the discontinuities. The deformation
properties of the rock mass are thus dependent not only on the strength and deforma-
tion properties of the constituent rock types, but also on the frequency, orientation and
mechanical properties of the discontinuities. The deformation and strength properties of
the rock mass are scale-dependent: large rock volumes are more likely to be intersected
by large fracture zones.

The deformation and strength properties of the individual discontinuities and the intact
rock can be adequately described with the aid of stress-deformation relationships and
failure criteria. Provided that the considered rock volume is sufficiently large to contain
a representative set of fractures from typically four or more fracture sets, this can also
be said to apply to the composite system, i.e. the rock mass. There are no general and
simple relationships for small rock volumes with a small number of fractures.
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Figure 5-7. Determination of Young’s modulus and Poisson’s ratio by uniaxial loading of rock
specimens, where the axial strain εa and the radial strain εr are determined for different axial
loads σa. At small deformations, the stress-strain relationships are approximately linear, and
Young’s modulus (the modulus of elasticity) is obtained according to E = Dσ/Δε

α
. Poisson’s ratio

n is the ratio between radial and axial strain under uniaxial compression: ν = εr/εa.

Deformation properties: The stresses that are generated in connection with certain
types of deformations such as compression, shearing and tensile strain can be estimated
with the aid of stress-strain relationships.

In the case of small deformations, the process is largely reversible and can be character-
ized using elastic parameters: Young’s modulus, Poisson’s ratio (intact rock) and shear
stiffness, normal stiffness (discontinuities). Figure 5-7 schematically illustrates the sig-
nificance of Young’s modulus and Poisson’s ratio.

Young’s modulus has the dimension stress, while Poisson’s ratio is dimensionless.

For small deformations of fractures, the normal stiffness Kn = Δσn/Δun and the shear
stiffness Ks = Δσs/Δus, given in a similar way to the relationship between stress and
displacement in the normal and shear direction, respectively. Kn and Ks both have the
dimension stress/length.

For the composite system, i.e. for the rock mass, there are different methods to estimate
elastic parameters that correspond to the ones used for intact rock. Several expressions
have, for example, been proposed for the modulus of elasticity where rock quality
indices, such as the Rock Mass Rating (RMR) is weighed in /Brady and Brown, 1993/.

An irreversible or plastic contribution is included in large deformations of intact rock,
fractures and rock masses. Failure generally occurs, i.e. a maximum stress is reached
which, under the given conditions, defines the strength of the system (e.g. the uniaxial
compressive strength of a rock specimen or the shear strength of a fracture at a given
normal compression).
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Figure 5-8. State of stress illustrated by Mohr’s circle. If the signs of the shear stresses are
disregarded, the problem is symmetrical and half the circle is enough. The intersection of the
dashed lines with the coordinate axes gives the normal stress and the shear stress in planes
oriented as the plane b.

State of stress: The state of stress in the rock is a variable for all mechanical processes.
States of stress are tensors and are characterized by three mutually perpendicular princi-
pal directions, each of which corresponds to a principal stress. If all three principal
stresses, σ1, σ2 and σ3, are equal, the state of stress is isotropic and the principal direc-
tions are indefinite. If the principal stresses are unequal, the state of stress is anisotropic
or deviatoric. To simplify, the intermediate principal stress σ2 is often disregarded. The
state of stress can then be illustrated by Mohr’s circle as illustrated schematically in
Figure 5-8. All points on the circle correspond to planes, or orientations of planes, in a
medium with the major and minor principal stresses σ1 and σ3. The horizontal coordi-
nate gives the normal stress σn which acts in the plane, the vertical coordinate gives the
shear stress t. If σ1 and σ3 are equal, no shear stresses exist and the semicircle degener-
ates to a point. The maximum shear stress (σ1 - σ3)/2 acts in the plane c in the figure
(45° to the principal stress directions). The normal stress in plane c is equal to the mean
compressive stress (σ1 + σ3)/2. No shear stresses act in the planes a and e, which are the
principal stress planes.

The stresses that act in the bedrock before any disturbance in the form of rock removal
or heating has taken place are called the primary or natural rock stresses. For Swedish
bedrock it is usually assumed that one of the primary principal stresses (usually the
smallest one) is approximately vertical and corresponds to the weight of the overlying
rock, which means approximately 13.5 MPa at 500 m depth. The major and inter-
mediate principal stresses are then both approximately horizontal. Both general and
site-specific regression relationships between primary horizontal stresses and depth exist,
but the variations are great, both between different sites and locally within smaller areas.
For Beberg and Ceberg, the relationships give a maximum horizontal stress at 500 m
depth of 23 MPa and 20 MPa, respectively /Ljunggren et al, 1998/. Horizontal stresses
in the order of 35–40 MPa and considerable anisotropies in the horizontal plane have
been measured in Aberg /Leijon, 1995/.

13 19-1476
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Figure 5-9. Failure envelope according to Coulomb in terms of a) shear and normal stresses
and b) principal stresses. c = cohesion, φ = friction angle, σc = uniaxial compressive strength,
To = uniaxial tensile strength. The slope of the envelope in the principal stress representation is
given by tanψ = (1+tanφ)/(1-tanφ). The solid Mohr circle represents, as opposed to the two
dashed ones, a state of stress for which the strength is exceeded.

Strength properties: The strength of rock-mechanical systems is dependent on the
load conditions. Idealized relationships, failure criteria, give the dependence as ratios
between the principal stresses σ1, σ2 and σ3, or between the shear stress t and the normal
stress σn that act on some special plane. For the criteria that are normally applied to
rock, i.e. Coulomb’s criterion and Hoek-Brown’s criterion, it is assumed that the influ-
ence of the intermediate principal stress σ2 can be disregarded.

Figure 5-9 shows failure envelopes, based on Coulomb’s criterion. The criterion gives a
good representation of the shear strength of individual discontinuities, but because of its
simplicity is often applied to intact rock and rock masses as well, despite the fact that it
is based on assumptions that are rarely met. A simple strength analysis at a given state
of stress can then be done by comparing the envelope with Mohr’s circle. Two inde-
pendent parameters are included: cohesion and friction angle.

Figure 5-10. Failure envelopes according to Hoek-Brown.
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Coulomb’s criterion is primarily applicable to individual fractures. For intact rock and
for rock masses with at least 4 arbitrarily oriented fracture sets, Hoek-Brown’s failure
criterion gives a better strength estimate. Figure 5-10 shows failure envelopes according
to Hoek-Brown, with parameter values typical for intact granite and with parameter
values adjusted to apply to rock masses with different RMR indices /Brady and Brown,
1993/.

Even though the result of the application to the rock mass must be interpreted with
caution, Figure 5-10 illustrates a fundamentally important fact: the decisive importance
of the fractures for the strength of the rock mass.

Stability: The rock, or the rock mass, is a mechanical system that is normally in static
equilibrium under the prevailing loads, i.e. no unbalanced forces exist. The equilibrium
can, however, be more or less stable. If small disturbances of the equilibrium lead to a
sudden decrease in the system’s potential energy and large changes in its geometry, the
equilibrium is not stable. Disturbances of equilibrium may be due to load changes or
changes in the strength properties, for example due to changes in groundwater pressure
or due to hydrothermal changes of the material in filled fractures.

Instability in the host rock requires that the rock mass, locally or globally, is near the
failure state, i.e. that the state of stress corresponds to a point near the failure envelope.
The failure state as such does not, on the other hand, have to entail serious instability:
small deformations, of no consequence for performance and safety, can be sufficient for
the system to regain its equilibrium if failure should occur.

Processes in the safety assessment

All mechanical processes in the host rock have to do with deformations, and all defor-
mations have to do with loads and stresses. These fundamental concepts link together
the components of the rock mass, the intact rock and the discontinuities, in such a way
that there is no truly logical and at the same time expedient subdivision of the
geosphere’s mechanics into individual processes. Fracture propagation, for example,
involves at the same time ongoing plastic deformation of intact rock and movement in
an existing fracture. The following subdivision into processes has nevertheless been
deemed expedient:

1. Movement in intact rock.

2. Thermal movement.

3. Reactivation – movements along existing discontinuities.

4. Fracturing (formation and propagation).

5. Time-dependent deformations.

By “movement in intact rock” is meant the mainly elastic movements that occur in rock
without visible fractures at moderate loads, i.e. at loads that do not cause failure.

By “thermal movement” is meant a fundamental thermomechanical process in intact
rock: volume expansion caused by increased heat-induced movements in the crystal
matrix in response to temperature increase. The effects of the volume expansion in the
form of movements along fractures or failure and fracturing in constrained, heated rock
fall under the headings “reactivation – movements along existing discontinuities” and
“fracturing”.
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By “reactivation - movements along existing discontinuities” is meant all types of move-
ments, elastic and inelastic, which take place along discontinuities of various kinds.

By “fracturing” is meant failure in intact rock, both by formation of new fractures and
growth of existing fractures.

All deformations in the repository are time-dependent in the sense that all load changes,
instantaneous and continuous, are distributed over time. The continuous mechanical
processes, which take place more or less simultaneously with the load changes and in
accordance with the same stress-deformation relationship that is assumed to apply to the
different components of the rock mass, are regarded here as non-time-dependent. By
“time-dependent deformations” is meant delayed deformations that occur due to the
fact that the rock in the long time perspective has, or may have, time-dependent mate-
rial properties. There are classification problems: The process “fracturing”, for example,
contains an inherent time dependence that has to do with initiation and propagation of
microfractures at loads that are lower than the laboratory-determined strength, and
which can after some time lead to failure, for example spalling next to chamber walls.
The same type of phenomenon could conceivably take place at a slow rate at many
places and at different distances from the repository’s cavities, for example in small areas
around strained asperities, and then contribute to the exhibition by the rock mass of
time-dependent deformation properties.

The rock mass is made up of intact rock and of discontinuities. That is why “movement
in intact rock”, “reactivation” and “fracturing” are fundamental and general processes.
All load changes are accompanied by movement in intact rock. Furthermore, if there
are suitably oriented fractures, the movements occur preferentially along them. At large
loads fracturing also sometimes occurs, especially if suitably oriented fractures along
which the movements can take place are not present. “Thermal movement” is also a
fundamental process, but unlike the other three it is not caused by load changes. On the
contrary, the process causes load changes and therefore drives the other three processes.
Finally, “time-dependent deformations” comprise delayed movements in intact rock and
delayed reactivation and fracturing, and are therefore not strictly speaking a separate
process. Our knowledge of delayed deformations is poor and it is therefore expedient to
regard the aggregate effect of all such deformations and simultaneous changes in the
material properties of the rock mass as a special process.

Initial state

After deposition and closure, the host rock is in what is termed in the safety assessment
the initial state. Mechanically, the initial state is characterized by the fact that the rock
around tunnels and deposition holes has been affected by the disequilibrium, with
subsequent deformations and stress redistributions, that has resulted from excavation of
the various cavities. The processes “movement in intact rock” and “reactivation” have
thus already occurred, and possibly “fracturing” as well. When it comes to stress redis-
tribution, the range of its influence is a few tunnel diameters counting from the tunnel
wall (Figure 5-11). Furthermore, the rock nearest the walls of the cavities has been
directly affected, or damaged, by the blasting or boring procedure. This excavation-
damaged zone (EDZ) has a depth of from a cm or so up to 50 cm, depending on the
tunnelling method used /Olsson et al, 1996; Autio, 1997/.
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During the construction and deposition phase the rock is drained. In the initial state,
the pore water pressure in the fractures nearest the excavated cavities is therefore re-
duced in relation to the natural groundwater pressure. Mechanically, this means that the
shear strength of the fractures is higher than it will be when the groundwater pressure is
subsequently restored.

The primary rock stresses are still active outside the stress-affected zone. Inside the zone
secondary stresses prevail, which are characterized by large tangential stresses and small
radial stresses, i.e. large stress anisotropies and therefore large shear stresses. The magni-
tude and anisotropy of the secondary stresses are highly dependent on the primary
stresses and the direction of the tunnels in relation to the primary stresses. If the tunnels
are perpendicular to the major primary principal stress, such large tangential
compressive stresses can arise in a small area around the intersection between the tunnel
and the deposition hole that the rock there will very probably be in a state of failure /
Hökmark, 1996/.

5.6.2 Movements in intact rock

Figure 5-11. Schematic illustration of EDZ (inside dotted curve) and stress-affected zone.

Figure 5-12. Movement in intact rock.
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Overview, general description

No mechanical processes in the geosphere can take place without movements also
occurring in the intact rock. However, the process does not really have any direct
impact on safety.

In the case of intact crystalline rock, linear-elastic relationships for homogeneous iso-
tropic media apply. At a given load, the movements are therefore determined by two
elastic parameters, e.g. Young’s modulus and Poisson’s ratio.

Influence of rock stresses, influence on rock stresses: The coupling to the rock
stresses is given by linear-elastic stress-strain relationships and by the elastic parameters.

Influence of fracture geometry, influence on fracture geometry: The fractures and
the intact rock influence each other via the rock stresses.

Influence of temperature: Within the temperature range 0 – 150 °C the temperature
dependence of the elastic parameters is negligible /Lau et al, 1991/. Temperature
changes are on the other hand crucial for the thermal movements in intact rock.

Influence of matrix properties: Mineral composition and grain size influence the
elastic properties.

Summary of uncertainties

There are no conceptual uncertainties when it comes to describing movements in intact
rock. There is some data uncertainty when it comes to Young’s modulus and Poisson’s
ratio. Firstly there is a statistical variation in values determined in the laboratory, and
secondly there is a variation due to the sampling technique. Furthermore, there is a
variation between rock types, i.e. between rocks of differing matrix composition. For
the rock types that occur in the Äspö HRL, Young’s modulus lies between 60 and 80
GPa /Rummel, 1997; Stille and Olsson, 1996/. Poisson’s ratio lies between 0.18 and
0.27.

Model studies/experimental studies

The intact rock is included in all numerical studies of stresses and deformations in the
host rock. The mechanical structure of the rock mass is, however, such that all essential
displacements take place along discontinuities of various kinds.

The intact rock is approximately linear-elastic, and it is therefore possible to get an idea
of how the geometry of the repository cavities would be affected by load changes if the
rock mass were entirely composed of intact rock by applying analytical expressions,
Kirsch Equations for stresses and deformations around circular cavities, to hypothetical
load cases. All reasonable load cases then give negligible deformations of the deposition
hole geometry.

Handling in the safety assessment

The contribution made to change of the geometry of deposition holes by movements in
intact rock is without importance for safety and performance.
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5.6.3 Thermal movement

Figure 5-13. Thermal movement.

Overview

When canisters of spent fuel are deposited in the bedrock, the temperature of the rock
will increase due to the fuel’s residual power or decay heat. For a free volume of intact
rock, a uniform temperature increase would result in a volume expansion that depends
solely on the coefficient of thermal expansion. Since the rock in the repository is con-
strained, the expansion is completely or partially suppressed and thermal stresses are
generated around the canister holes and the repository. The size of the volume expan-
sion and the thermal stresses is dependent on the coefficient of thermal expansion and
the compression properties of the rock.

General description

Influence on rock stresses: the heated rock is constrained by the surrounding un-
heated rock, which keeps the thermal movement small while the thermal stresses are
instead high. The thermal stresses correspond to the load that would be needed to
compress a freely expanded rock element to the volume the element actually occupies
at the given temperature, and are therefore dependent on the rock’s deformation
properties.

Influence of temperature: Temperature changes are the reason the process takes place
at all. The rock temperature at different points, both in the near field and at great
distance from the deposition holes, can be calculated analytically /Claesson and Probert,
1996/. If it is assumed that the initial temperature is 15°C, the maximum temperature at
the boundary of the deposition holes is about 70°C. Within this temperature range the
coefficient of thermal expansion for granite is virtually independent of the temperature
/Swan, 1978/.
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Influence of fracture geometry, influence on fracture geometry: The general rule,
as for movement in intact rock, is that fractures are influenced via the stresses. The
existence of fracture zones with small normal stiffness in the host rock means that the
equivalent modulus of elasticity is small, which means that the thermal stresses may be
reduced. The existence of compressible fracture zones outside the host rock means that
a larger volume expansion is allowed, which also would reduce the thermal stresses.

Influence of matrix composition: The coefficient of thermal expansion is in principle
dependent on the rock type, but the variations are not great and the values that are
generally used are reasonable mean values.

Time perspective

The maximum temperature is reached about 50 years after deposition. After approxi-
mately 5,000 years the temperature in the host rock is about 15°C above the original
temperature. The greatest thermal stresses are obtained around deposition holes be-
tween 50 and about 200 years after deposition /Hökmark, 1996/.

Model studies/experimental studies

Probert and Claesson /1997/ made analytical thermomechanical calculations where the
bedrock was assumed to be a semi-infinite elastic continuum with elastic parameters
roughly as for intact rock. The maximum global thermal stress was approximately 17
MPa. Hakami et al /1998/ made numerical calculations that showed that the maximum
global thermal stresses were halved if it was assumed that the repository rock was inter-
sected by a number of compressible fracture zones. Hökmark /1996/ conducted numeri-
cal near-field studies with an elastic model that showed that the thermal stresses in the
intersection between deposition hole and tunnel are between 20 and 40 MPa, depending
on what constraint condition is assumed.

Summary of uncertainties

Uncertainties in understanding: There are no conceptual uncertainties regarding the
process.

Uncertainties in data: The data uncertainty is small. The coefficient of thermal expan-
sion varies for different types of granite between 6.7·10-6 and 8.4·10-6 per °C /Swan,
1978/. The greatest uncertainty concerns the degree of restraint, i.e. what volume ex-
pansion of the host rock will actually be allowed, and what compression properties the
host rock has.

Handling in the safety assessment

The thermal movements as such have no direct effects on safety. The thermal load
contribution can, however, together with the loads already acting in the initial state,
cause the strength of intact rock and of individual fractures to be exceeded. The effects
of the thermal load contribution are dealt with in the processes “reactivation” and
“fracturing”.
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5.6.4 Reactivation – Movement along existing fractures

Figure 5-14. Reactivation – Movement along existing fractures.

Overview

The most fundamental mechanical process in the geosphere from the safety viewpoint is
movements in large discontinuities. Discontinuities of all types, from millimetre-sized
fractures to composite fracture zones extending several kilometres, are mechanical
systems whose behaviour is controlled by the loads to which they are subjected, by the
prevailing groundwater pressure and by their own inherent mechanical properties.
There are two main types of deformations: shear movements and normal movements.
In reality the two types of deformation occur simultaneously.

General description

On the near-field scale, and possibly on the tunnel scale as well, large fracture zones
hardly appear as discrete discontinuities but rather in the form of an elevated frequency
of individual fractures or as areas with deviant mechanical properties. On the repository
scale, however, it is expedient to regard large fracture zones as discrete discontinuities.
Single fractures in the rock mass outside the large fracture zones contribute to the
average properties of the rock mass, but do not appear on the repository scale as indi-
vidual units. Our state of knowledge regarding deformation and strength properties
differs considerably for single fractures and large fracture zones.

Normal movements: Movements in the normal direction can take place due to
changes in the effective normal stress (e.g. increased or decreased compression, in-
creased or decreased water pressure in the fracture), and due to far-reaching shear
deformations where irregularities force the fracture surfaces to separate (dilatancy).
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In the case of pure normal loads, the greater the normal stiffness of the discontinuity is,
the less mechanical importance the discontinuity has. Infinite normal stiffness is equiva-
lent to non-existence of the discontinuity. In the case of single fractures, the normal
stiffness is strongly dependent on the normal stress, which means that the stiffness is
great for fractures in high compression and less for fractures in low compression
/Hökmark, 1991; Barton et al, 1985/. The normal stress dependence of large fracture
zones is small, however /Leijon, 1993/. In the case of large zones, it can be assumed
for normal stresses of approx. 10 MPa that the normal stiffness is around two orders
of magnitude smaller than for single unfilled fractures.

The fracture spacings for fractures not situated within fracture zones are great, which,
together with large normal stiffness and small mechanical apertures, means that purely
normal movements in individual single fractures are generally of little importance for
the mechanical properties of the rock mass. Fracture zones with small normal stiffness,
on the other hand, can absorb large compressions and thereby influence the mechanical
properties of the rock mass.

Shear movements: The deformation and strength properties of single fractures are
complexly dependent on, among other things, the strength of the material in the frac-
ture surfaces and the topography of the fracture surfaces. With Barton’s system /Barton
et al, 1985/, empirically based stress-deformation relationships can be developed for
both shear movements and normal movements. The system is based on laboratory
determination of values for a small number of fundamental fracture parameters accord-
ing to a standardized procedure. These are the fracture’s residual friction angle φr, the
fracture’s surface roughness JRC (Joint Roughness Coefficient) and the fracture’s surface
strength JCS (Joint Compressive Strength).

In the case of single fractures, elaborated material models thus exist which well describe
the type and size of fracture movements under given loading conditions, provided that
the assigned parameter values are representative of the fracture in its entirety. In prac-
tice, e.g. in numerical simulation of rock-mechanical problems, the parameter values are
not known and estimates have to be used, for example based on comparisons with cases
where systematic laboratory determinations have actually been done. In analysis of
movements of individual fractures in a rock mass, the greatest problem is actually not
that the material properties of the fracture are not known with sufficient accuracy, but
that assumptions must be made concerning the fracture’s position, orientation, extension
and interaction with other fractures. These geometric parameters are usually more
important than details in the material properties, which is why in practice simpler and
more robust material models are used which nevertheless possess the basic features of
more sophisticated models. Figure 5-15 shows as an example a comparison between
Barton’s model for shear movement and an ideal elastoplastic model with failure crite-
rion according to Coloumb.

The elastic part of the deformation can amount to a millimetre or so /Barton and Vik,
1988; Olsson, 1998/. Shear movements of such size that they are of importance for
safety are therefore mainly friction-controlled.
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There are no empirically based general material models for fracture zones, i.e. struc-
tures composed as systems of single fractures. Width and fracture frequency, plus degree
and nature of interaction between constituent fractures, can vary within wide limits for
one and the same fracture zone. If the fracture zone is conceived as a discrete disconti-
nuity, mechanical properties must be assumed that represent the aggregate influence of
the constituent fractures. No knowledge or experience exists similar to that that exists
for the description of the mechanical properties of single fractures, but it is generally
assumed that movements in the shear direction are controlled by friction.

Influence of fracture geometry: In general, the geometry of the fracture system influ-
ences the movements of the individual fracture via its influence on the deformation
properties of the rock mass. The extension of a fracture or fracture zone along its own
plane has a particularly great importance for the largest shear deformation that can
occur at a given load /Turcotte, 1992/. The maximum deformation of a fracture in an
elastic medium can be determined analytically /Pollard and Segall, 1987/ and is depend-
ent on the extension and friction angle of the fracture and the elastic properties of the
rock. If it is pessimistically assumed that the fracture’s friction angle is zero, the largest
shear deformation that can be obtained in fractures of different extension in the host
rock can be defined for different load cases. Figure 5-16 shows such an analytical rela-
tionship between fracture extension and maximum possible shear movement. The rela-
tionship is pessimistic and pertains to the theoretical case that the fracture has an infi-
nite extension perpendicular to the plane of the figure. In order to get a displacement of
0.1 m in this two-dimensional geometry and with a maximum shear stress of 20 MPa,
an at least 100 m long friction-free fracture is required. For a fracture with a friction
angle of 30°, an approximately 400 m long fracture is needed. The deformation for
actual fractures, with finite extension in all directions, will be less.

Influence on fracture geometry: Normal movements affect the aperture of individual
fractures.

Figure 5-15. Stress – deformation relationship for single fracture. τp = strength at failure,
τr = residual strength, φ = friction angle, σn = normal stress, c = cohesion, JCS = Joint
Compressive Strength, JRC = Joint Roughness Coefficient.
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Influence of rock stresses: The rock stresses are of great importance for the process.
If the state of stress is strongly anisotropic, i.e. if the difference between the major and
minor principal stress is great, there will be fracture planes with large shear stresses and
small normal stresses, which entails great risks for shear failure in connection with
future changes in the rock stresses. Large primary principal stress differences can also
result in strengthened stress anisotropy around tunnels and deposition holes, which
means greater shear movements in fractures in the near field.

Influence on rock stresses: The idea that the state of stress in the earth’s crust is
partially determined by friction in large fracture zones has been put forward by, among
others, Jaimson and Cook /1978/. In summary, the ratio between shear stress and mean
compressive stress is upwardly limited, and future load changes that would cause the
limit to be exceeded will give rise to friction-controlled shear movements so that the
stress ratio is restored. This line of reasoning, which entails that the bedrock is always
in an unstable state, can only be applied on the largest scale /Leijon, 1993/. In the near
field, movements along discontinuities that are tangentially oriented in relation to
cavities result in increased tangential stresses between cavity and fracture. Movements
along discontinuities that intersect the cavity periphery at an oblique angle can reduce
the tangential stresses. Normal movements in single fractures are small and have little
effect on the state of stress. Large fracture zones limit the thermal stresses due to tem-
perature increase by allowing large normal deformations.

Influence of groundwater pressure: At elevated groundwater pressures, the effective
normal stress is reduced in all discontinuities that are hydraulically connected to the
groundwater system, which means that their shear strength decreases. In the case of
discontinuities that are loaded with large shear stresses, movements can be triggered as
a consequence of shear failure.

Figure 5-16. Fracture with extension L and friction angle φ in elastic medium with the
elasticity parameters E and ν. The shear deformation is maximal at the centre of the fracture
and zero at the edges. The graph shows the relationship between maximum displacement and
fracture extension for a pessimistic 2D case.
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Model studies/experimental studies

A number of methods exist for numerical analysis of the mechanics of rock masses made
up of discrete blocks, for example DEM (Distinct Element Method) and DDA (Discon-
tinuous Deformation Analysis). Several rock-mechanical studies of movements and
stresses around the final repository have been done with the DEM programs UDEC
(2D) and 3DEC (3D). The studies have been done on both the tunnel and repository
scales.

Tunnel scale: Hökmark /1990/ and Hökmark and Israelsson /1991/ simulated excava-
tion of the BMT tunnel at Stripa with UDEC and 3DEC. The fractures were 10 m –
20 m in length, with mechanical properties in accordance with laboratory determina-
tions done previously on fracture specimens from the Stripa Mine /Barton and Vik,
1988/. A complicated material model similar to Barton’s model was used in the UDEC
study. An ideal elastoplastic model with Coloumb’s fracture criterion was used in the
3DEC study. Excavation of a half-scale deposition hole was also simulated in the 3DEC
study. The calculated shear movements amounted to 2–3 mm at most. Johansson et al
/1991/ performed similar calculations with UDEC and 3DEC for a hypothetical reposi-
tory in the Finnish bedrock, but assumed a larger strength in the fractures and further-
more analyzed the thermomechanical effects of the deposited fuel. The maximum shear
movements amounted to 3 mm. Shen and Stephansson /1990a/ obtained a maximum
shear movement of 1.2 mm in similar calculations.

Repository scale: Shen and Stephansson (1990b) conducted a 3DEC study of a reposi-
tory in rock with small (1–3 km length), medium-sized (2–8 km length) and large
fracture zones (> 8 km length). The maximum shear movement, 5.5 cm, was obtained at
the ground surface for a large fracture zone during glaciation with a 3 km ice cover.
The thermal pulse gave maximum shear movements of approximately 1 cm. In a more
recent 3DEC study, the maximum shear movement of large fracture zones was approxi-
mately 2 cm for the thermal pulse and approximately 8 cm for glaciation /Hansson et
al, 1995/.

Rosengren and Stephansson /1990/ analyzed the effect of an ice load above a hypotheti-
cal repository in Finnsjön with UDEC. The maximum shear movement amounted to
approximately 3 cm.

Israelsson /1996/ performed thermomechanical 3DEC calculations for a hypothetical
repository in Äspö with nine steeply-dipping, large fracture zones intersecting the
hypothetical repository area. The maximum shear movement was about 2 cm for pessi-
mistic assumptions regarding the thermal power. Down to a maximum depth of about
200 m below the surface, the aperture of the zones increased.

La Pointe et al /1997/ analyzed the effect of occasional quakes of different magnitudes
at different distances from a hypothetical repository with a fracture structure in accord-
ance with a fracture structure model for the Äspö HRL. The analysis was performed
with the Displacement Discontinuity programme POLY3D for the pessimistic assump-
tion that the fractures are friction-free. For quakes of magnitude 6.1 that occur at a
distance of 2 km from the repository, the greatest shear deformation in the repository
area was around 2 mm (Figure 5-17). In order to induce a 0.1 shear displacement in the
host rock, a quake of magnitude 7.5 must occur at a distance of less than 100 m and a
quake of magnitude 8.2 at a distance of less than 1,000 metres.
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Natural analogues

In the international literature, as well as in SKB’s studies, reports and compilations are
found of observable displacements in the field. A relatively modern database deals with
displacement movements in conjunction with earthquakes /see La Pointe et al, 1997
after Wells and Coppersmith, 1994/. SKB’s efforts have been focused on postglacial
displacements and neotectonics.

The earthquake database contains compilations for different types of faults. Figure 5-18
shows such a compilation. It can be seen from the figure that the relationship between
displacement sum and fracture size is of the same type as the theoretically derived
relationship shown in Figure 5-16.

Postglacial fault movements have been studied in northern Sweden in the Lansjärv
Fault, among others. The structures are interpreted to be very old (hundreds of millions
of years) and their extension in length can be followed over 100 km. The faults are
considered to be caused by reactivations in the already existing structures. The displace-
ment sums amount to 5 to 10 metres /see further Bäckblom and Stanfors, 1989;
Stanfors and Ericsson, 1993/. Similar observations have been made for normal faults in
Hanöbukten and on the North Sea that have been interpreted from marine seismic
investigations /see Wannäs and Flodén, 1994; Muir-Wood, 1995/.

Figure 5-17. Shear displacement of fractures in the repository caused by quake of magnitude
6.1 at a distance of 2 km from the repository as a function of the length of the fractures.
The scatter around the regression line is due to the distance of the individual fractures from
the quake and their orientation /La Pointe et al, 1997/.
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Other studies are based on observable displacements in geological structures (e.g. shore-
lines) or fossils that cross faults. A special study of shears in individual fractures has
been carried out on outcrops in limestone on Öland. The limestone contains partially
sheared-off fossils. The fracture lengths vary, but are in the order of 10 to 100 m. The
maximum and cumulative displacement sums that have been observed are approximately
0.10 m. The displacements have taken place during a period of approximately 450
million years. /se Mihes and Gee, 1992/.

In summary, it can be concluded that clear correlations exist between the measured
displacement sums (shear) and the lengths of the structures where these displacements
have taken place.

Time perspective

The process is linked to changes of the load and the groundwater pressure and takes
place during the period the thermal load varies (approx. 0–5,000 years) and during the
period a future ice cover advances and retreats. The time perspective for seismic move-
ments depends on the statistical magnitude/frequency relationships that apply to the
candidate host rocks.

Summary of uncertainties

Uncertainties in data: A considerable uncertainty exists when it comes to assessing the
loads to which the host rock will be subjected. This does apply to the thermal load,
where uncertainties exist regarding which effective modulus of elasticity is applicable to
the repository and the surrounding rock.

Figure 5-18. Empirical relationship between maximum displacement and observable length of
fault structure that has been active in conjunction with an earthquake. The database consists of
95 earthquakes /from La Pointe et al, 1997/.
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Uncertainties in understanding: As regards effects of a coming glaciation, uncertainty
prevails as to which is the most appropriate way to describe the interaction between ice
load and bedrock. The loads on the host rock are, for example, different if the earth’s
crust is modelled as an elastic plate on a viscous medium /Rehbinder and Yakubenko,
1998/ compared with the loads that have been assumed in the analyses done thus far.

There is an uncertainty regarding how the topography of the individual discontinuity
on different scales influences its mechanical properties. Models for scale dependence
exist, but no results from large-scale tests with non-planar fractures in constrained rock.
The method that is generally applied, namely to regard discontinuities as completely
planar, is presumably pessimistic.

For large fracture zones, conceptual uncertainties exist above all when it comes to
stress-deformation relationships in the shear direction. What is generally assumed –
namely that the movements are determined by friction and that the friction angle is
small and the same over the entire extension plane of the zone – entails that the shear
deformation of the fracture zone is overestimated.

Handling in the safety assessment

The process can be of importance for safety in two ways:

1) Shear movements in discontinuities that intersect deposition holes are of direct
importance for safety if the movement is so great that buffer and canister are dam-
aged. For each load case it is possible, by applying relationships between length
(extension) and shear deformation, to determine how long a fracture has to be in
order for a shear deformation to exceed the safety criterion. Statistically generated
fracture network models exist for the candidate repository sites that can show how
many canister hole positions are intersected by such fractures. A limit can therefore
be set on the number of damaged canisters. The relationship between extension and
maximum shear deformation that is shown in Figure 5-16 is, however, pessimistic. In
order not to set unnecessarily pessimistic limits, more realistic relationships that take
into account the fact that all fractures have a finite extension in all directions should
therefore be used.

2) Normal movements can in principle be of importance for safety due to the fact that
the transmissivity of fractures changes when the aperture changes. The transmissivity
of individual fractures is sensitive to variations in normal stress, but the permeability
of the rock mass is dependent on the influence on many fractures with different
orientations and complex connectivity conditions. If different fractures in the system
are compressed or widened only marginally in response to load changes, the effect of
large transmissivity changes in other fractures on the permeability of the rock mass
may be small. Based on the mechanical analyses that have been done of fracture
movements in the near field, the general conclusion can be drawn that the influence
on the fractures in the near field that is obtained in the various scenarios is of the
same order of magnitude as the one previously caused by boring/blasting of tunnels
and deposition holes /see e.g. Shen and Stephansson 1996a/. The permeability
change that has already occurred in the initial state in the near-field rock in compari-
son with the undisturbed rock can therefore serve as an estimate of the permeability
changes in the near field that may be obtained in the various scenarios. Theoretical
studies indicate permeability changes of no more than 1 or 2 orders of magnitude



SR 97 – PROCESSES IN REPOSITORY EVOLUTION – TR-99-07 209

around cavities in rock /see e.g. Case and Kelsall, 1987/. In the ZEDEX experiment
in the Äspö HRL, no experimental evidence has been found for permeability in-
creases caused by stress redistributions in response to tunnel excavation /Olsson and
Winberg, 1996/. In SR 97, the M-H coupling is therefore judged to be such that it is
not necessary to take into account the influence of the mechanical processes on the
retention properties of the near-field rock. Furthermore, the load cases taken into
account in SR 97 generally entail that the stress level in the near field increases, i.e.
the aperture of the fractures is more likely to decrease than increase. The situation is
slightly different in the rock between the ground surface and down to a depth of
about 200 m. Here a systematic reduction of the horizontal stresses is obtained
during the thermal pulse, resulting in increased permeability in the vertical direction.
The distance to the repository is, however, so great that this is not taken into account
either in SR 97. It should nevertheless be emphasized that the hydro-mechanical
coupling in the rock has not been sufficiently systematically investigated to enable it
to be definitively dismissed.

Criteria can be set up for direct shear movements across deposition holes. At present,
the criterion is that shear movements exceeding 0.1 m should be avoided to prevent
canister damages, see section 3.6.2. There are no equivalent general criteria for perme-
ability changes.

Base scenario: In the base scenario, fracture movements occur for three reasons: the
thermal load, load changes in the near field due to the bentonite’s swelling pressure, and
due to the fact that the effective stress in the rock’s fractures declines when the
groundwater pressure is restored.

The thermomechanical numerical calculations that have been done have not shown any
shear movements in excess of 0.1 m. The largest shear movements have furthermore
occurred along fracture zones of such size that they will not be permitted to intersect
deposition holes /Almén et al, 1996/. The analytical calculations that have been done
to determine the thermal stresses show that the maximum shear stress contribution
obtained in a thin horizontal disc after about 50 years will not exceed approximately
7 MPa /Probert and Claesson, 1997/. This is consistent with, and one of the reasons
for, the small displacements obtained in the numerical thermomechanical analyses.
The shear stresses around cavities are greater, but in such small areas that only small
fractures or parts of larger fractures can be affected.

The swelling pressure of the bentonite has a small local effect on the state of stress and
therefore has a negligible effect on the movement of the fractures /Shen and
Stephansson, 1996a; Hökmark, 1996/.

The effect of effective stress reduction as a result of restoration of the groundwater
pressure has not been analyzed specifically, but limits can in principle be determined
with the aid of the relationship fracture extension – shear deformation for friction-free
fractures. The friction-free part of the fracture is so small that the effect can be ne-
glected.

The above conclusions are cited in SR 97, i.e. that the studies performed show that no
shear movements in fractures that intersect canister hole positions are expected to be
greater than 0.1 m in the base scenario.

14 19-1476
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Climate change (Glaciation): Several different possibilities exist for describing the
interaction between bedrock and ice cover, both directly below the ice cover and in the
marginal areas. All descriptions give different loads on the host rock.

In the static load cases analyzed so far in numerical models, no fracture movements big
enough to damage canisters have been obtained. This is consistent with the relatively
small shear stress contribution obtained in these load cases. The shear component of the
stress contribution is approximately 14 MPa at repository level, but with such an orien-
tation that the stress anisotropy is actually reduced /Hansson et al, 1995/. By consider-
ing extension–deformation relationships of the type shown in Figure 5-16, it is possible
for other reasonable static load cases as well to make the assessment that no shear
movements in fractures that intersect canister hole positions will be great enough to
damage the canister. This is true even if it is assumed that the shear strength of the
fractures has been reduced due to the fact that the groundwater has been pressurized
with a water column equal to the thickness of the ice load.

Dynamic effects that arise when the ice retreats are included in the earthquake scenario.

Reference is made in SR 97 to the above conclusions, i.e. that the completed studies
show that no shear movements in fractures that intersect canister hole positions are
expected to be greater than 0.1 m.

Earthquake: Estimates of the expected frequency of quakes of different magnitudes in
different parts of Sweden can be found in the literature /Kijko et al, 1993/ and can be
translated to frequency per unit area around the candidate repository sites.

In the earthquake analyses in SR 97, the centre of the quake is distributed statistically
(small quakes) and deterministically (medium-sized and large quakes) around the host
rocks /La Pointe et al, 1998/. Statistical fracture network models /Follin and
Hermanson, 1997/ are created for the different host rocks that show the number and
size distribution of the fractures that will intersect deposition holes.

By applying relationships (obtained with the program POLY3D as described above
under model studies) between magnitude, distance to quake centre, fracture extension
and shear deformation to a representative selection of canister-intersection fractures,
statistics are obtained that show displacements along these fractures. If the relationships
are applied repeatedly in accordance with the earthquake statistics that are established as
described above for the different repository sites, the cumulative effects of all earth-
quakes expected within the next 100,000 years can be calculated. The result is then used
in SR 97 to estimate the number of canisters that may be damaged by earthquakes.
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5.6.5 Fracturing

Figure 5-19. Fracturing.

Overview and general description

When specimens of intact rock are loaded gradually, i.e. subjected to increasing stresses,
deformations are obtained which are elastic to begin with, but as the load increases also
exhibit an irreversible (plastic) element. At far-reaching deformation, a maximum stress
is reached which is the strength of the specimen under the given conditions. After
further deformation, the specimen may be fragmented so that its remaining loadbearing
capacity, its residual strength, is dependent solely on friction between the fragments.

The fundamental mechanism in the process, the growth of microfractures, has been
described by A. A. Griffith /Griffith, 1924/. The application of Griffith’s original failure
theory presupposes the existence of arbitrarily oriented elliptical cavities in a continuous
elastic medium. The theory then says that the tensile strength is one-eighth of the
uniaxial compressive strength, which is roughly true for most crystalline rock types. The
theory is otherwise difficult to apply in describing failure in intact rock on a macro-
scopic level under general stress assumptions, which is why empirical failure criteria are
generally used, e.g. Hoek-Brown’s criterion.

The fracturing process is thus dependent on the state of stress, but in fact starts at lower
loads than the actual failure load. Rock in a state of stress equivalent to approximately
80 percent of the failure load may, without further load increase, be fragmented after
some time if the stress level is retained /Martin, 1994/. The phenomenon can be ob-
served when tunnels and other cavities are excavated in rock at great depth where the
primary stresses give rise to large stress concentrations. Next to the cavity walls, the
tangential stresses are large and the radial constraint small, which can cause rock
breakout due to fracturing parallel to the cavity wall (spalling).
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The mechanisms that control the growth of microfractures in principle also control the
propagation of existing fractures. In constrained rock, an individual fracture can propa-
gate by spreading in its own plane by means of shear failure, and by fracturing at an
angle to its own plane by tensile failure at the periphery of the fracture, so-called “splay
cracks” /Scholz 1990/.

Influence of rock stresses: The process is directly coupled to the state of stress as
described above.

Influence on rock stresses: Failure in intact rock entails that the load that cannot be
taken by the plasticized portions is redistributed. Around cavities, this means that stress
maxima are displaced from the periphery out into the rock.

Influence on fracture geometry: The process entails by definition that the fracture
geometry is affected.

Influence of fracture geometry: In the areas where the process takes place on any
appreciable scope, namely next to deposition holes and tunnels, the local fracture geom-
etry can be crucial. Tangentially oriented fractures can give rise to stress concentrations
between fracture and cavity, increasing the risk of failure. Fractures that intersect the
periphery of the cavities at oblique angles can cause stress reductions, reducing the risk
of failure.

Influence of matrix composition: The rock type is of importance for strength. For the
rock types that have been investigated in Äspö, the uniaxial tensile strength determined
in the laboratory varies between 170 MPa and 260 MPa /Stille and Olsson, 1996/.

Model studies/experimental studies

The sequence of initial and then growing plasticization, failure and continued deforma-
tion until the residual strength of the specimen has been reached are stages in the frac-
turing process in intact rock and have been described in studies by, among others,
Martin /1994/ and Li /1993/. In the initial elastic phase, the specimen’s microfractures
are first compressed. Then a stable growth of the microfractures occurs in the direction
of the largest principal stress. Before failure occurs, i.e. before the limit of the strength
of the specimen has been reached, a phase takes place with unstable growth of the
microfractures, either as before in the direction of the largest principal stress, or where
shear fractures form by the interaction and fusing of several growing microfractures.
The way in which fracture growth occurs is dependent on the rock properties and the
load: at uniaxial load the unstable growth and the macroscopic fragmentation occur
axially, i.e. in the direction of the largest principal stress. In constrained specimens,
shear fractures can form.

Whether an existing fracture propagates, and in what direction this propagation occurs,
depends on the local stress field at the fracture periphery /Scholz, 1990/. Numerical
models for prediction of propagation in elastic media, based on application of strain
energy criteria, have been tested in 2-dimensional near-field analyses /Shen and
Stephansson, 1996b/. The results showed that the process presupposes high stress levels
and strong stress anisotropy. If the ratio between the largest and smallest primary princi-
pal stress was greater than 4, propagation and fusion of individual fractures around
circular cavities occurred.
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Johansson et al /1995/ studied the state of stress after excavation of tunnel and deposi-
tion hole in the area around the intersection of tunnel and deposition hole for different
assumptions concerning the local primary rock stresses. The study was done numerically
with a 3D continuum program, where the rock was assumed to be elastic. The area
around the deposition hole was then divided into categories with respect to how the
state of stress was related to the different stages in the evolution of brittle failures that
had been identified at the URL /Martin, 1994/. The results showed that for primary
stresses roughly corresponding to conditions at 1,000 m depth, only insignificant areas
were in direct failure states, while slightly larger areas (max. depth approx. 150 mm
from deposition hole wall) were in a state of unstable fracture growth, i.e. with the
possibility of spalling. A slightly larger area still (to a max. depth of approx. 400 mm)
was in a state where fracturing had been initiated (stable fracture growth). At stresses
corresponding to a depth of 500 m, stress levels corresponding to direct failure or
unstable fracture growth were not obtained anywhere. In all analyses, the least favour-
able tunnel orientation was assumed, i.e. with the tunnel axis perpendicular to the
largest primary principal stress.

Hökmark /1996/ performed thermomechanical elastic 3D calculations of the state of
stress around deposition holes. The analysis showed that the areas that were in a poten-
tial failure state after heating were restricted to small volumes in the intersection tunnel/
deposition hole and to even smaller areas along the sides of the boreholes. The maxi-
mum depth from the deposition hole border was about 300 mm.

At the URL in Canada, brittle failures with rock breakout were obtained along nearly
vertical lines in two vertical 600 mm holes bored in the floor of a tunnel in fracture-
poor rock with large primary stresses. However, no failures were obtained in the upper-
most part of the holes, on a level with the tunnel’s EDZ. In a subsequent heating phase
with peak temperatures of between 80 and 90°C at the borehole walls, the failures
widened to become continuous all the way down to the borehole bottoms, still with
the exception of the portion belonging to the tunnel’s EDZ /Martino and Read, 1995/.
The depth of the brittle failures was about 50 mm, counting from the borehole walls.

Time perspective

See the process “Reactivation – movement along existing fractures”.

Summary of uncertainties

A large and important uncertainty exists when it comes to assessing the loads to which
the host rock will be subjected. See corresponding section under the process “Reactiva-
tion – movement along existing fractures”.

It is uncertain whether laboratory-determined strength values are at all applicable in situ
to intact rock next to e.g. tunnel walls. Owing to the stress history undergone by the
rock when the tunnel face passes, the process of microfracture initiation may follow
a different course than in the laboratory. This may lead to an overestimation of the
strength /Martin, 1994/. Even though the true failure loads can be estimated, our con-
ceptual understanding of progressive brittle failures is poor and we can therefore not
make predictions of the scope of failure, for example next to deposition hole walls,
on the basis of calculations.
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The programs for modelling of fracture propagation that have been tested are 2-dimen-
sional, which presumably means that the scope of the process is overestimated. It is also
uncertain what potential for large displacements a fracture created by fusion of two
imperfect coplanar fractures may have. The fracture extension that sets the limit for the
possible displacement along such a fracture can reasonably be assumed to be less than
the sum of the extensions of the two original fractures.

The fracture-mechanical models that are used in the programs to describe fracture
propagation have been developed for application to other types of materials than rock,
e.g. metals, and do therefore not taken into account the possible presence of inherent
weaknesses.

Handling in the safety assessment

The process can be of importance for safety in three ways:

1. Fractures that intersect deposition holes propagate and fuse with other fractures so
that fractures of such large extension are formed that current or future loading can
generate shear deformations. In order for the shear deformation to be able to affect a
canister, the canister hole must be located near the centre of the fracture. At the edges
of the fracture the shear deformation is zero, regardless of the size of the fracture.

2. Failure at the boundary of the deposition hole causes mechanical effects in the form
of volume expansion of the plasticized rock so that the buffer is compressed and
damages the canister. It should be observed that both the generation of the failure
and the effects, in the form of volume expansion, are inhibited by the bentonite’s
swelling pressure. This has not been taken into account in the model studies and
experimental studies described above.

3. Failure (formation of fractures) next to the deposition hole wall causes permeability
changes in the area between deposition hole and deposition tunnel. Such permeabil-
ity changes presumably already exist in the initial state, especially if the tunnels are
perpendicular to the largest primary principal stress. This possible hydromechanical
coupling is not taken into account in SR 97 (see corresponding under the process
“reactivation”).

Base scenario: The studies that have been done show that the stresses that are required
for propagation of existing fractures will not occur other than in small areas nearest
tunnels and deposition holes /Shen and Stephansson, 1996/. The number of fractures of
sufficiently large extension to give shear displacements greater than 0.1 m (the criterion
for avoidance of canister damages) and with canister holes near the fracture centre will
therefore not be affected.

The thermal load causes a widening of the areas around the intersection between tunnel
and deposition hole that are already in or near a failure state. The studies performed
show that the increase will be small and the effect, in the form of compression of the
buffer, can presumably be neglected.

The judgement is made in SR 97, with reference to the above studies, that no canisters
will be damaged due to fracture propagation or due to failure in the rock nearest the
deposition holes in the base scenario.

Climate change (Glaciation): If the stresses and the stress anisotropy generated by an
ice load are sufficiently great, the consequence could in principle be that even fractures
at great distances from the repository’s cavities can propagate and fuse. In the analyses
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done to date, however, the stress contributions generated by ice loads have not led to
increased stress anisotropy other than near the cavities /see Rosengren and Stephansson,
1990; Hansson et al, 1995/. In SR 97, glaciations are therefore not judged to lead to an
increase in the number of canister-intersecting fractures of great extension and with
canister holes near the centre of the fracture.

The scope of failures with fracturing near the canister hole will presumably be less than
for the base scenario /Shen and Stephansson, 1996a/. The calculated or estimated scope
depends, however, on how the ice load is represented. Johansson and Hakala /1995/
looked at the effects of very great stresses. At stress levels that greatly exceed those that
are assumed to be created by a glaciation in the above studies, the area around the
intersection between tunnel and deposition hole was in a failure state. In the tunnel
floor, the area between the deposition holes was in a state of unstable fracture growth.
At the level of the canisters, parts of the deposition hole walls were in a state of stress
corresponding to stable fracture growth. It can be presumed that if a failure had oc-
curred, it would have reached a scope roughly like the one that arose in a similar stress
situation at the URL in Canada (see above under experimental studies), i.e. brittle
failures up to a limited depth. Failures of this scope are not judged to compress the
buffer in a way that damages the canister.

The judgement is made in SR 97, with reference to the above studies, that no canisters
will be damaged due to fracture propagation or due to failure in the rock nearest the
deposition holes in the event of a glaciation.

Earthquake: Frequency/magnitude relationships exist (see the process “reactivation –
movement along existing discontinuities”), but no results are available from studies that
show consequences in the form of fracturing for quakes of different magnitudes and at
different distances from the repository. It can, however, be assumed that the mechanical
impact on the canisters caused by fracturing is subordinate to the impact obtained due
to movements in existing fractures. The judgement is therefore made in SR 97 that the
earthquake scenario is sufficiently well covered by the fracture movement analysis
described under the process “reactivation”.

5.6.6 Time-dependent deformations

Figure 5-20. Time-dependent deformations.
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Overview

All movements in the rock are included in the processes described above and conse-
quently influence and are influenced by the same variables. Time-dependent deforma-
tions are therefore not separate processes in a true sense, but the aggregate effect of
simultaneously occurring load changes, changes in material properties, movement in
intact rock, movements along existing fractures and fracturing.

General description

Time-dependent deformations in the host rock can be of two main types:

1) The loads on the host rock change due to displacements generated at great distance
from the host rock. The tectonically caused compression of the interrior of the Baltic
Shield can be assumed to correspond to a strain of 10-11/year, while the strain due to
the still-ongoing land uplift may amount to 10-9/year /Muir-Wood, 1993/. A strain of
10-9/year corresponds to a stress growth of 5 MPa in 100,000 years if the strain is
approximated as uniaxial compression and the modulus of elasticity is set at 50 GPa.
The time dependence applies to the load change, so the deformations that occur
in the host rock are not time-dependent in the true sense (see overview).
The processes, fracture movement and fracturing, that can have direct importance
for safety take place in the same way as in other load cases. Owing to the small stress
growth and the long time perspective, effects of tectonic displacements are not taken
into account in SR 97.

2) The mechanical properties of the host rock change with time so that movements take
place due to already active stresses (creep movement). It is this type of movement
that is really meant by the use of the term “time-dependent deformations” above.
The changes may be directly dependent on the state of stress, e.g. unstable growth of
microfractures in intact rock. Uneven distribution of shear stresses along fracture
planes on all scales can lead to initiation and growth of microfractures and eventually
to local plasticization in connection with stress concentrations at irregularities in
fracture surfaces /Pusch and Hökmark, 1993/. The changes can also relate to the
occurrence and properties of fracture-filling minerals.

The driving force behind creep movements is the occurrence of shear stresses. The
deformation therefore proceeds either until no shear stresses remain, or until the shear
stresses have been reduced and redistributed to parts of the system that are not plasti-
cized.

Model studies/experimental studies

The movement in the dome in SFR has been measured with extensometers since the
blasting was concluded in 1985. The measured movements are however unsystematic
and so small in relation to the accuracy of the extensometers that interpretation, as well
as prediction of possible continued movement, is difficult. Furthermore, the dome is
reinforced with bolts and shotcrete.

Results from plate loading tests on rock show that the creep strain at constant load
declines logarithmically with time /Pusch and Hökmark, 1993/.
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A numerical model of a circular tunnel where the rock material nearest the tunnel
periphery was assumed to have time-dependent deformation properties gave a maximum
radial creep movement of 0.3 mm after approximately 2,000 years /Pusch and Hök-
mark, 1993/. Eloranta et al /1992/ found that it would take about 109 years for the
deposition hole wall to move 10 mm radially, provided that the rock around the deposi-
tion hole is of good quality. Pusch /1996/ estimated the possible time-dependent defor-
mation of deposition holes by assuming that the creep properties of the rock can be
represented as a modulus of elasticity that decreases logarithmically with time. The
estimate gave a maximum diameter decrease of 12 mm after 10,000 years.

Natural analogues

Natural analogues show maximum shear movements of 0.1 m for 10–100 m long frac-
tures during a timespan of 450 years (see section under “reactivation”).

Summary of uncertainties

The uncertainties are great and pertain to both assessment of the loads that will act on
the host rock and the conceptual description of delayed deformations in intact rock,
along fractures and in the rock mass.

There are several different types of rheological models for continuous models that
could theoretically be used for the rock mass or for the intact rock. However, the
different models give essentially different outcomes, and there is no really valid justifica-
tion for any specific model, even though the experimental results suggest that the defor-
mation diminishes rapidly with time.

There are no relationships for time-dependent deformations in fractures, which means
there is no model for how time-dependent deformations are distributed between
discontinuities and intact rock.

Handling in the safety assessment

If it is assumed that all significant movements take place along fractures, then the ulti-
mate consequence of an extensive creep movement that has taken place over a long
period of time is that no fractures can take any shear stresses anymore. The assessment
of the number of damaged canisters then depends solely on how many canister holes are
intersected by fractures of sufficiently great extension for the maximum shear deforma-
tion without friction to exceed 0.1 m. Nothing is known about the timescale for such a
hypothetical evolution, but the state of stress in the rock today suggests that the frac-
tures can take shear stresses and that the evolution, if it exists at all, is therefore ex-
tremely slow. According to the above, the timescale for the natural analogues is hun-
dreds of millions of years.

If it is pessimistically assumed that the rock around the canister holes is deformed in its
entirety like a continuum according to a rheological model that gives movement as long
as there are shear stresses, the movement will not cease until the buffer has been com-
pressed so that the swelling pressure is as great as the rock’s mean compressive stress.
If the mean compressive stress at the canister hole is 20 MPa, which is slightly more
than the mean compressive stress at Aberg, Beberg and Ceberg today, the pressure on
the canister will therefore increase to be equally great. This pressure increase is not
enough to damage the canister. In fact, the mean compressive stress at repository depth
will be less than 20 MPa if the rock mass is really deformed as described above, i.e. as a
viscous fluid. The state of stress will then be hydrostatic, with a mean compressive stress
equivalent to the dead weight of the rock, i.e. about 14 MPa.
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If the same assumption is made for the rock around the backfilled tunnels, i.e. that the
deformations continue for as long as any shear stresses remain, in principle the same
thing applies as for the deposition holes. When the pressure in the backfill is equal to
the mean compressive stress in the rock and all the arch effect around the tunnel pe-
riphery is lost, the movements will stop. The difference is that the backfill cannot, like
the compacted bentonite buffer, mobilize counter-pressure in the form of a swelling
pressure that increases rapidly in response to compression. In the backfill the swelling
pressure is negligible and the convergence is therefore limited by the pure compression
properties of the backfill, which are dependent on composition and degree of
compaction. The compression properties in highly compressed backfill under high
pressures have not been systematically investigated, but it is presumably pessimistic to
assume that the backfill can be compressed by 10 percent, which would mean that the
porosity of the backfill is reduced by approximately one-third. A ten-percent volume
reduction entails a five-percent reduction in tunnel radius, i.e. about 10 cm.

The assumption that the rock can be deformed like a viscous medium until all arch
effect has been lost and all shear stresses have been equalized must be regarded as very
pessimistic. If this type of movement takes place at all, it is more likely that it ceases as
soon as some fraction of the shear stresses around the cavities has been relaxed, and that
convergence will therefore be little. The effects on the fracture system around the cavi-
ties and thereby the permeability of the near-field rock have not been systema tically
investigated, but in general terms it can be presumed that axially oriented fractures close,
since the radial pressure increases, and that radially oriented fractures open, since the
tangential stresses decrease. The scope and effect of these fracture width changes is
unknown but can, until more accurate analyses have been done, be assumed to be ap-
proximately equivalent to the disturbance that already exists due to the EDZ.

Limits can be set on the consequences of creep movements in the rock mass for the
loads that will exist in connection with a glaciation as well. If it is hypothetically as-
sumed that the creep movements that take place during the glaciation are larger enough
that the shear stresses in the rock mass disappear, the same line of reasoning as above
can be applied. The state of stress will then be hydrostatic, i.e. the stresses are equal in
all directions and are determined by the dead weight of the rock mass (about 14 MPa)
and the ice load (about 30 MPa). The pressure on the canister thus increases to about
44 MPa. This is of the same order of magnitude as the pressure that is found if it is
assumed that no creep movements take place. Without creep movements, the canister
holes do not converge, which means that the bentonite buffer is not compressed and
therefore retains its original swelling pressur (about 7 MPa). The ice load then acts
instead on the canister via an elevated pore water pressure (total about 37 MPa) so that
the total pressure on the canister is about 44 MPa.

With reference to the completed studies, the natural analogues and the above rough
calculations, the effects of creep movements are not judged to have any significance for
the safety of the repository in SR 97.

5.7 Chemical processes

5.7.1 Introduction

The chemical situation in Swedish bedrock is generally very stable. Reaction and trans-
port processes proceed continuously but generally lead to changes only in a very long
time perspective. Reactions occur between different components in the groundwater,
between water and fracture minerals, and between water and rock matrix. The ground-
water flow accounts for transport of reactants and reaction productions to and from the
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reactions. The flowing groundwater also leads to a mixing of different groundwater
types from different areas in the geosphere.

The frames for the evolution of the chemical situation are given by inflow and outflow
of water from/to the biosphere, and by exchange with very deep-lying groundwater.
The evolution is thereby controlled by, among other factors, precipitation amounts and
near-surface chemical conditions. The geochemical evolution on a repository site is thus
determined by:

• Present-day geochemical situation.

• Transport and reaction processes in the geosphere.

• Interaction with the surrondings, mainly inflows and outflows from/to the biosphere,
which are in turn dependent on the climate.

Present-day geochemical situation is similarly the result of previous climatic conditions,
and transport and reaction processes.

Large changes in the chemical composition of the groundwater are caused primarily by
long-term climate change, which leads to altered precipitation and above all flow condi-
tions, which can in turn lead to noticeable effects on the composition of the ground-
water. Effects of climate change are discussed in the climate scenario. In the base sce-
nario, land uplift in particular causes effects on flow pattern and thereby groundwater
composition.

Historical evolution

In order to be able to provide a good description of geochemical conditions in the
future, it is necessary to have an understanding of the historical evolution, i.e. the
conditions that have given rise to today’s situation. Much of the research on the
geochemical evolution is therefore aimed at understanding the historical evolution.

Importance for repository safety

In combination with the groundwater flow, the composition of the groundwater is of
great importance for repository performance, both in the short and long term. The
interaction between the engineered barriers and the groundwater determines how long
the spent fuel will remain isolated. Even in a situation where the isolation has been
broken, the groundwater is of crucial importance for the dissolution and transport of
radionuclides in the fuel /SKB, 1995/.

The quantity of dissolved oxygen in the water and the quantity of sulphide that can
come into direct contact with the copper canister are of importance for copper corro-
sion. These substances corrode the canister in different ways. An attack of oxygen causes
pitting, while sulphide corrosion is distributed evenly over the whole surface. Reducing
conditions in the groundwater are therefore a requirement for the deep repository site,
i.e. there must not be any dissolved oxygen in the water. Other constituents in the
groundwater do not affect the canister’s integrity, except for a combination of extremely
high salinities and low pH.

For the buffer (bentonite), it is necessary that the groundwater contain a minimum of
dissolved salts. The presence of divalent cations is essential for the bentonite not to
form colloids. The sum of the calcium and magnesium concentrations should exceed 4
mg/l. Very high salinities can eliminate the swelling capacity of the bentonite and
thereby disable its function as a diffusion barrier between the canister and the rock.
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This effect is noticeable at a salinity of around 50,000 mg/l. For the backfill, which
consists of a mixture of uncompacted bentonite and sand or crushed rock, lower
salinities are also of importance. Bentonite/aggregate proportions are therefore chosen
with reference to prevailing salinities, see section 4.1.1.

The water’s variables pH and Eh are important for radionuclide transport. Under
reducing conditions (no dissolved oxygen), many of the most harmful nuclides occur in
a reduced form with very low solubility. The solubility is lower at neutral pH than
under acid or alkaline conditions. In typical groundwaters, reducing conditions prevail
and the pH is neutral. The total salinity of the water influences the retention of weakly
sorbing nuclides.

The water’s content of colloids and microbes is also of great importance for nuclide
transport, since these particles can act as carriers for radionuclides. At high concentra-
tions, strongly sorbing nuclides will be able to adhere to colloids and microbes instead
of to the fracture surfaces and thereby be transported with the groundwater flow. In
investigated groundwaters, the concentration of colloids has been so low that this trans-
port mechanism has been of no importance.

Time perspective

In simplified terms, three timescales can be distinguished in the geochemical evolution
around a deep repository.

In a short time perspective, 10–100 years, the chemical conditions are determined by
disturbances in the natural situation caused by the repository itself.

In a longer time perspective, up to tens of thousands of years, today’s natural condi-
tions of groundwater flow and mixing are dominant.

In a very long time perspective, longer than tens of thousands of years, the composi-
tion of the groundwater is also affected by its reactions with the rock’s minerals and by
climate change.

Equilibrium water/rock mineral

The hypothetical composition of the water, if it were in equilibrium with the rock, can
be calculated with thermodynamic data. Data exist for most mineral phases, even
though they are sometimes burdened with great uncertainties. The uncertainties are,
however, often overshadowed by the fact that the chemical environment in the rock
seldom exhibits equilibrium, since most reactions are very slow. In general, equilibrium
is a situation which the groundwater/mineral system strives for but never achieves. The
deviation from equilibrium is completely dependent on the water’s flow and mixing
conditions /Plummer et al, 1991; Laaksoharju and Wallin, 1997/. Not even in stagnant
volumes, where diffusion dominates over flow as a transport process, will all reactions
achieve equilibrium /Gascoyne et al, 1987; Frape and Fritz, 1987/.

Mixing conditions

Due to the great heterogeneity in the rock’s hydraulic conductivity and time-dependent
changes in the pressure conditions, the water flow in the bedrock can vary widely in
time and space. This is generally of greater importance for the composition of the water
than previous reactions between water and rock minerals. A water sample can contain a
fraction that has been isolated from the atmosphere for over one million years and a
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fraction that has infiltrated the rock in modern time /Laaksoharju et al, 1995/. The
water thus exhibits a spectrum of origin types (end-members) that have been mixed in
different proportions. The mixtures are not in chemical equilibrium; reactions between
components in solution and precipitation and dissolution of solid phases occur con-
stantly. To be able to describe and quantify these reactions, it is necessary to be familiar
with the conditions that prevailed when different water types were formed and the
chemical composition they have had /Laaksoharju and Wallin, 1997/. It is very difficult
to describe conditions millions of years back in time, whereas events that have occurred
since the most recent glaciation can be traced in the water composition
/Laaksoharju and Wallin, 1997; Rhen et al, 1997/.

Bacterial processes

Many types of microbes are found at repository depth, but only those that can survive
in the prevailing chemical environment are active /Kotelnikova and Pedersen, 1998/.

Bacterial processes are of great importance for the composition of the groundwater.
This is particularly true of pH and Eh. Bacteria contribute to the consumption of
dissolved oxygen in infiltrating surface waters, reduce trivalent iron in fracture minerals
and reduce sulphate in sulphate-rich old sea water /Laaksoharju (Ed.), 1995, Banward
(Ed.), 1995; Pedersen and Karlsson, 1995/.

Uncertainties

There are uncertainties regarding the importance of the various processes for the
chemical evolution of the repository in both the short and long term. In many cases it is
not uncertainties in the understanding of the actual processes that are most important,
but rather uncertainties regarding the circumstances under which the different processes
are active. The water chemistry, for example, will evolve quite differently during an ice
age compared with the case without an inland ice sheet, even though the same chemical
processes are involved.

In general, uncertainty increases with time. It is possible to give a good description of
the expected conditions one thousand to ten thousand years ahead in time, whereas the
conditions that will exist 10,000–100,000 years in the future must be considered specu-
lative, based on expected or possible climatic conditions.

How can the processes be handled in the safety assessment?

The different processes can be treated qualitatively (by discussion in general terms) or
quantitatively (in calculations), depending on how much is known about them and how
important the process is for repository evolution. It is desirable to perform calculations
for the processes that are most important for the evolution of the repository, regardless
of whether this is critical for the safety assessment or not. Owing to the great natural
variability in flow rate and residence time and the complex mixing conditions, the
evolution of the water chemistry can only be calculated along typical flow paths.
However, this should be adequate for showing that a good understanding exists of the
mechanisms that influence the composition of the water under the conditions that are
expected to prevail at repository depth.
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With today’s level of knowledge, the chemical composition of the groundwater can be
quantified for a time period up to the next expected ice age. The composition during
the time from repository operation until just after closure can be quantified if site-
specific conditions and quantities and types of engineering materials are known. What is
most important is to describe chemical stability with reference to pH and Eh conditions
and concentrations of the most important ionic species that affect the engineered barri-
ers, see the sections on bentonite and canister.

5.7.2 Advection/mixing

Figure 5-21. Advection/mixing.

Overview

Advection, transport with the flowing water, is the most important transport process for
dissolved substances (solutes) in the groundwater. The process is of central importance
for the chemical evolution of the repository, partly because it is responsible for trans-
port of substances that influence bentonite and canister to the repository, and partly
because any releases of radionuclides from the repository can be transported to the
biosphere by advection. Furthermore, advection is responsible for transport of sub-
stances to and from nearly all chemical reactions in the geosphere.

The exchange of solutes with the biosphere, with remote parts of the geosphere and
with buffer/backfill in the repository comprise boundary conditions for the process.
Climate change will lead to changes in the composition of the water entering the re-
pository, which will in turn lead to large-scale and long-term changes in water composi-
tion. Advection thereby leads to a situation where different water types replace each
other and/or are mixed.

A detailed description of the mathematical modelling of advection is given in the sec-
tion on radionuclide transport.

Studies of the historical evolution of advection/mixing that have been made to obtain a
better understanding of the future evolution are described below.
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General description

The factors that influence groundwater flow have been described in section 5.5 on
hydraulic processes in the geosphere. The groundwater moves in the rock’s fracture
system, most of the flow will be concentrated to flow paths with good permeability.
These meet to a greater or lesser extent so that water from different conductive frac-
tures is mixed. Under static conditions with constant driving forces, the difference in
the composition of the waters that are mixed will be small. On the other hand, large
differences will exist when the groundwater flow changes direction and water of another
type comes down into the flow paths.

Inflow and outflow of groundwater, the geographic location of the highest and lowest
groundwater table and the magnitude of the pressure head difference are the factors that
determine the flow conditions. An example of contrasts in this respect is the great
potential which a thick ice cover at a glacier margin can create in comparison with the
complete equilibrium that prevails in the rock under a very large lake or a sea.

Evolution since the most recent ice age: After the most recent ice age, the different
evolutionary stages of the Baltic Sea have influenced the mixing of the groundwater to a
varying degree depending on the location in relation to the coastline. As the continental
ice sheet retreated, glacial water penetrated down into the bedrock, displaced the previ-
ous water and mixed with it in the boundary layer. It is impossible to set a limit today
for how deep the glacial water reached, but large proportions of water originating from
colder climatic conditions are generally found down to a level of 100–300 metres.
Traces of such water are also found at greater depths. It is, however, unclear whether
this water has the same origin, or whether it may derive from a previous deglaciation.

At sites that have at some time been covered by the sea since the last glaciation, traces
of old sea water are generally seen. The driving force for the infiltration of sea water is
the higher density which has caused the water to penetrate down into the rock to the
depth where the salinity was once equally high. The process of land uplift has since
brought previously sea-covered sites above sea level, exposing them to inflow and out-
flow controlled by precipitation and topography.

Conditions at great depth: Highly saline water is usually encountered at great depth.
The depth to the saline water varies from site to site. The salinity of the water exceeds
that of the sea water, showing that its origin is a brine, i.e. a very saline water where the
salt has been leached out of the rock over millions of years.

Mixing is thus a process which is essentially controlled by external (climatic) conditions
and which is of crucial importance for what changes can be expected to occur in the
composition of the groundwater in the future. The obvious changes in composition,
above all in coastal areas but also perhaps in other parts of the country, are transitions
between glacial meltwater, marine salt water, fresh water from precipitation (meteoric
water) and brackish water under permafrost. Each type of water can displace the previ-
ous groundwater, alter equilibria, form or dissolve fracture-filling minerals, etc.

There have been ten or so glaciations during the past million years, and thereby prob-
ably some forty or so far-reaching changes of this kind. Each of these changes has left
traces in the low-conductive parts of the rock where water exchange is slower than in
the conductive zones, see further under uncertainties.
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Model studies/experimental studies

The importance of mixing for the observed chemical changes has long been a qualita-
tive type of knowledge. It has been possible via statistical multivariate analysis to con-
clude that a water sample contained, for example, both a modern and a very old com-
ponent simultaneously.

Model development during the evaluation of the hydrochemical conditions on Äspö has
made it possible to calculate the proportions of different identified water types by
means of the components sodium, potassium, calcium, magnesium, chloride, sulphate,
carbonate, deuterium, tritium and oxygen-18 /Laaksoharju and Wallin, 1997; Rhén et
al, 1997/. The results indicate that mixing has occurred in several phases as a result of
varying flow conditions. Since the most recent ice age the following mixing processes
have been identified and quantified:

1) Glacial meltwater penetrated to a depth of several hundred metres and mixed there
with saline groundwater which was at least partly isolated from the atmosphere for
millions of years.

2) Subsequently, Baltic Sea water from the Littorina stage (7,000 years ago) sank down,
due to its higher density, until it reached a saline water with the same density. At this
inversion, the glacial meltwater was pushed up into the conductive zones, but also
remained in the low-conductive rock.

3) Meteoric water then gradually penetrated down to a depth of 100–200 m after rain-
water started to infiltrate when Äspö rose above sea level about 3,000 years ago.

A hydrodynamic simulation of these conditions has been carried out by /Svensson, 1999/.
All the different water types that have occurred since the most recent deglaciation have
been introduced under the pressures and other boundary conditions considered relevant.
The transient simulation shows how different water types successively replace each other.
At 450 m depth below Äspö, the sequence of dominant waters is: glacial meltwater (at the
start), Yoldia Sea water, Ancylus Lake water, Littorina Sea water and, finally, today’s
meteoric water. This simulation includes neither mixing nor penetration in stagnant low-
conductive parts of the rock. There are therefore no traces of the previous water types
that can de facto be traced in the water chemistry. Other analyses which include dispersion
show that a remnant can be expected, which agrees well with the hydrochemical picture
/Voss and Andersson, 1993; Löfman and Taivassalo, 1995/.

The comparison suggests that it is necessary to include all of the processes that influ-
ence water exchange in order to obtain a correct description. Interaction with low-
conductive volumes and isolated water reservoirs is of importance for the water’s ex-
change rate.

Time perspective

The timescale is determined by the timescale for climate change and by how long such
change continues to influence the hydrogeochemical situation.

Conditions during an ice age, for example, are dependent on the nature, duration etc. of
the ice. An effect of the most recent ice age is, for example, the ongoing land uplift, which
can lead to replacement of non-saline surface water with saline water. This exchange
process can proceed for thousands of years after a glaciation at repository depth (500 m).
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In a short time perspective, about 100 years, the groundwater disturbance caused by the
repository will influence the groundwater chemistry to some extent.

The timescale for advection as regards radionuclide transport from the repository to the
surface is dealt with in the section on radionuclide transport.

Natural analogues

A computer model for evaluation of hydrochemical data called M3 has been developed
with the aid of the data gathered in and around the Äspö HRL. The model has also
been used to describe the hydrochemical mixing conditions in the analogue studies in
Oklo and Palmottu /Laaksoharju et al, 1999; Gurban et al, 1998/. In both of these
cases, as on Äspö, it has been possible to distinguish the effects of mixing from the
effects of chemical reactions. In the model study in Oklo, the described flow conditions
could subsequently be verified by hydrogeological models.

Summary of uncertainties

Uncertainties in fundamental understanding: The conceptual uncertainties around
advection/dispersion are small. Advection and dispersion are two well-defined model
terms that are used in calculating radionuclide transport in groundwater. They are dealt
with in section 5.8.1.

Figure 5-22. Evolution of Aberg, Beberg and Ceberg from the retreat of the ice after the
most recent ice age until today. The different stages of the Baltic Sea are of great importance for
the large-scale groundwater flux on the three sites. The difference between the sites is greatest
during the period from the Littorina stage up to the present-day situation.

15 19-1476
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The models that are used for hydrochemical modelling are limited to the site from
which the data derive. The predictive capacity of the models used is thereby limited to
the same geographic area or similar areas where similar processes are active. The mixing
model for Aberg can, for example, only be applied in Beberg and Ceberg if it can be
assumed that these sites have undergone a similar evolution as Aberg.

There are, however, such similarities in the data quantities that the reliability of the
models can be considered good. In very generalized terms, it can be said that the
groundwater chemistry exhibits a mean residence time of around ten to a hundred years
in the uppermost 100 m of the rock, while the residence time at 500 m depth lies in the
range of thousands to tens of thousands of years. At greater depths, more than 1,000 m,
the residence times are much longer.

Mixing is in the strict sense not a process but an aggregate result of advection and
diffusion. Mixing is evaluated by means of inverse modelling, which involves starting
from known results (data) and attempting to quantify the underlying processes, in this
case mixing. The sequence in which different mixings have occurred comprises a funda-
mental uncertainty in the interpretation of the mixing process. To this is added the
degree of mixing (disturbance) caused by borehole drilling and sampling, which further
complicates the situation (data uncertainty).

The mixing phenomena that have occurred recently can be quantified better and with
greater certainty than those that occurred a long time ago. It is, for example, relatively
simple to trace meteoric water that has infiltrated on Äspö since the island rose above
the surface of the sea approximately 3,000 years ago. On the other hand, it is impossible
to determine whether meltwater from the most recent ice age has reached down to a
depth of only a few hundred metres, or much deeper.

Uncertainties in data: Waters from different parts of the fracture network are some-
times mixed during drilling and subsequent sampling. This mixing can be incorrectly
interpreted as being representative of the point in the rock where the sample was taken.
Under unfavourable conditions, the water may derive from a different site entirely or be
mixed with different water types from many different sites. By marking the drilling
water, it is possible to make corrections for the quantity of water that has been injected.
It is more difficult to correct for any disturbances caused by water from a fracture
system flowing into the borehole and out into another fracture system. Careful evalua-
tions have been carried out for the purpose of ascertaining how representative the water
samples are /Smellie et al, 1985; 1987, Smellie and Laaksoharju, 1992; Laaksoharju and
Skårman, 1995; Laaksoharju et al, 1995b/. A positive trend can be seen in these evalua-
tions. Study site investigations carried out prior to the KBS-3 report in the early 1980s
gave about 15 percent representative sampling points, Klipperås gave 40 percent and
Äspö 60 percent representative water samples.

In addition to the uncertainty in representativeness, there is a smaller uncertainty in
measurements and analyses. These vary depending on analysis method and constituent.
The greatest uncertainties concern redox- and pH-sensitive components such as sul-
phide, iron, manganese and hydrogen carbonate, where the uncertainty may be 50
percent. The uncertainty for other analyses is less than 10 percent.
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Handling in the safety assessment

Base scenario: The process is included as an integral part of the hydrogeochemical
evolution.

Canister defect scenario: See base scenario.

Climate change: The hydrogeochemical situation and the evolution of the geosphere
are modelled with respect to the expected climatic evolution. This is based largely on
the knowledge that has been obtained by reconstruction of previous chemical and
hydrological conditions. The descriptions can be divided up into the time intervals 0–
100 years, 100–1,000 years, 1,000–10,000 years and 10,000–100,000 years after closure.

In the time interval 10,000–100,000 years, assumptions concerning the ice age scenario
will also determine the hydrochemical conditions. As a consequence of wide variations
in the hydraulic driving forces, groundwaters of various types will be mixed and thereby
lead to dissolution and precipitation of e.g. calcite.

Qualitative descriptions should be made with extreme hydrochemical conditions. Dur-
ing an ice age, a water with low ionic content may be brought down that causes the
bentonite to form colloids. The opposite extreme is that a very saline water is brought
up to repository level and thereby reduces the buffer’s swelling capacity. There must be
a discussion of the conditions required for this to take place. This type of question is
discussed in SR 97 in Boulton et al /1999/.

Of special importance in the ice-age scenario is a possible transport of oxygenated water
down to repository level. The conditions then differ from today’s in that there may
not be any soil cover that can contribute organic degradable material which bacteria
can use to consume dissolved oxygen. Calculations have been carried out within SR 97
/Guimera et al, 1999/ showing that the groundwater flow is of decisive importance for
how long it takes for oxygenated water to reach down to repository level. The calcula-
tions also show that the quantity of oxygen that can be transported in this way is limited
and that the rock has the capacity to consume this oxygen.

Earthquake: Flow paths can be influenced and thereby advection. The influence on
water chemistry can be considered negligible in comparison with other uncertainties in
this scenario.
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5.7.3 Diffusion

Figure 5-23. Diffusion.

Overview, general description

Solutes in the groundwater can move by diffusion from areas of higher to areas of lower
concentration in the bedrock’s fracture system. The diffusion rate is determined by the
properties of the water and the solutes, as well as by the temperature.

Diffusion as a transport mechanism takes on importance where transport with the
flowing water, advection, is small, i.e. under stagnant conditions. Such conditions can
prevail at great depths or in impervious rock volumes. Diffusion is also significant due
to the fact that solutes can diffuse between the flowing water in fractures and stagnant
water in the pores of the rock matrix, a phenomenon known as matrix diffusion. This
aspect of diffusion is above all important for calculating radionuclide transport, see
section 5.8.

Model studies/experimental studies

In a stagnant situation that has existed for a long time, diffusion might be expected to
have had a pronounced influence on the conditions. Calculations have been carried out
on the basis of the salinity profile in the KLX02 borehole at Laxemar, west of Äspö.
The results agree fairly well with measured values if a diffusion time of one million
years is assumed /Laaksoharju and Wallin, 1997/. As is evident from the section on
uncertainties, it is not clear how much of the profile derives from diffusion and how
much may be due to disturbances in the borehole /Rhén et al, 1997/.

Time perspective

Matrix diffusion can be important in connection with nuclide transport, see section
5.8.3.

Summary of uncertainties

Diffusion is basically a simple process that can well be described and modelled, even for
water-bearing parts of the rock. The difficulty in practice is distinguishing the effects of
diffusion from the effects of reactions and mixing.
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Conceptual uncertainties surrounding matrix diffusion are discussed under the section
“Radionuclide transport”.

Handling in the safety assessment

Base scenario: To explain the slow change from e.g. saline to non-saline (fresh) water
at great depth, it is necessary to describe the diffusion process qualitatively. However,
there is no evidence that diffusion has been or will be significant for the groundwater
composition at repository depth. Effects of diffusion in the geosphere are therefore not
analyzed in the base scenario.

Canister defect scenario: Matrix diffusion comprises an important retention factor in
the calculation of radionuclide transport, see section 5.8.

Climate change: There is reason to assess the importance of diffusion in connection
with recurrent glaciations. In SR 97, for example, penetration of oxygen (oxidized
water) after a glaciation and how this affects underlying saline groundwater is analyzed.
In order for this oxygen to be consumed by minerals in the rock, the water must diffuse
into the matrix. See further section 5.7.5 for a discussion of this process.

Earthquake: See base scenario.

5.7.4 Reactions groundwater/rock matrix

Figure 5-24. Reactions groundwater/rock matrix.

Overview

Stagnant groundwater will eventually approach a chemical equilibrium by reactions
with the different minerals in the bedrock. Most reactions between water and minerals
are, however, so slow that complete equilibrium will never be reached, even if the
water’s flux in the bedrock is very slow.

The groundwater’s many reactions with the rock matrix are of importance for the
chemical evolution of the groundwater in general. However, only some of these are of
importance for the chemical evolution of the repository in a million-year perspective.
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General description

Ever since the rocks were formed nearly two billion years ago, chemical reactions have
transformed and affected the rock and its fracture system. During rock formation, water
was released which also contains other residual products that did not fit into the crystal
lattice, such as chloride, sodium and calcium. This water is called juvenile and has
always existed down in the rock and usually contains large quantities of dissolved salts.
If the salinity of the water exceeds 10 percent, i.e. 100 g/l TDS, it is called a brine
/Frape and Fritz, 1987/. Such a water is stagnant due to its high density, which further-
more increases with time as more salt is leached out of the rock matrix.

The chemical reactions that take place in the groundwater/mineral system have widely
varying reaction rates. It is thereby possible to some extent to use known reaction rates
to assess the residence time for the groundwater in the rock. The degree of equilibrium
gives a rough idea of the residence time. Bruno has compiled reaction rates for different
kinds of reactions /Grenthe och Puigdomenech, 1997/. The fastest are metal hydrolysis
reactions, with half-lives ranging from microseconds to tenths of seconds. Then follows
complexation between metals and organic ligands, with half-lives of hundredths of a
second to minutes, while fulvic and humic binding reactions proceed about ten times
slower. Redox reactions with an electron transfer take from tens of minutes to several
years, while redox reactions, which require changes in molecular structure, have half-
lives of several to thousands of years.

Reactions which include solid phases (minerals) are generally much slower than reac-
tions that only take place in the aqueous phase. (Exceptions are ion exchange reactions,
which proceed just as quickly as reactions in the aqueous phase.) Dissolving haematite
in water takes tens to tens of thousands of years, and dissolution of aluminium silicate
takes tens of thousands to millions of years. There are, however, reactions between solid
phase and water that are considerable faster, e.g. dissolution and precipitation of calcite,
which have half-lives of seconds to days.

However, the reaction rate is also strongly dependent on the chemical environment
where the reaction occurs. Precipitation of iron(oxy)hydroxide takes from picoseconds
up to tens of years, depending on the pH and iron concentrations in the ground-
water.

At very high pH, which can occur in contact with concrete, the reaction rates for disso-
lution of silicate minerals in granitic bedrock are significant. The silicate minerals are
dissolved as a consequence of hydrolysis reactions, after which secondary reaction
products are precipitated. Valuable knowledge concerning the reaction has been ob-
tained from the hyperalkaline sources in Maqarin in Jordan /Smellie (Ed.), 1998/. Not
very much is known about the reaction rate, but it is assumed that the reaction can
reduce the pH to 10–11 and that it is presumably an extremely thin layer of minerals
that react. At high pH, these secondary phases consist of calcium silicate hydrates
(CSH), which are common in concrete. Zeolites form at lower pH.

Very saline groundwaters (brines) occur and are encountered everywhere drilling has
been done to great depths. The depth varies widely from a few hundred metres to
several km. This thereby shows how deep the superficial circulation cells have reached
at one time after the brine was formed, which is often millions of years ago. The ab-
sence of brine therefore does not necessarily mean that recent circulations of surface
water have occurred, but it does show that water exchange has occurred at this depth at
some time since the rocks were formed.
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Brines can also be formed by the dissolution of evaporites (salts deriving from a dried-
up sea far back in time) by infiltrating groundwater. In general, brines of evaporitic
origin can be considered to be common in sedimentary rocks, while leaching is the
probable source of brines in crystalline bedrock. In both cases, however, the occurrence
is a clear indication that the water is stagnant.

The effect of the various aforementioned reactions between water and mineral is also
evident in the rock. Since the rock was formed, conversion of primary minerals to
secondary (clay) minerals has proceeded constantly. The effects have been greatest under
so-called hydrothermal conditions, when hot aggressive water has passed through the
flow paths in the rock, preferably the major fracture zones. Hydrothermal conditions
ceased to exist in the Fennoscandian shield several hundred million years ago, and the
water that passed through the rock at that time has disappeared. The effects in the rock
are that material has been dissolved and cavities called druses have formed, while at
other places large quantities of fracture-filling minerals have been deposited. After-
wards, these fracture systems have been subjected to reactivation on several different
occasions, so that the water’s previous flow paths in the rock are difficult to trace, even
in the large water-bearing fracture zones.

In saline groundwater as well, an increasing degree of chemical equilibrium is an indi-
cation that the water is stagnant. How such waters will evolve in the future is a more
difficult question. In this case as well, one may assume that the conditions are constant
and from there analyze how changes in the hydrological conditions affect the situation,
see further under “mixing”.

The minerals in the rock have a varying tendency to be altered or dissolved in ground-
water. The same reactions probably take place on a microscale in the rock matrix as
those that take place on a macroscale in water-bearing fracture zones. The difference is
mainly that the water in the matrix is stagnant and transport of reactants and reaction
products only takes place by diffusion. There is no sharp borderline between water-
bearing fractures and the rock matrix. So far only modest attempts have been made to
characterize the chemistry in the rock’s pore water. Studies in the URL in Canada show
that the rock matrix contains very saline water even if the water in the water-bearing
rock has insignificant salinities.

Influence on pH: The rock’s minerals are of importance for the groundwater’s pH.
There is a direct influence that is dependent on the interaction between the water and
readily soluble minerals such as calcite, and an indirect influence that is controlled by
slow weathering, the chemistry of the water and microbial conditions. There is a clear
tendency for the pH to increase with depth, i.e. with the residence time, for non-saline
waters, with extreme values of up to 10 pH units. The pH values for saline waters lie
within a narrower range and seldom exceed 8.5. pH values below 7 and as low as 5.2
do, however, occur at great depth (more than 1,000 m) in extremely saline Canadian
brines /Frape and Fritz, 1987/. There is a hypothetical relationship between hydrolysis
reactions and their importance for the pH level. This has been verified for several
granitic rock types /Tolhuat et al, 1992/.

Influence on redox conditions: The bedrock mineral’s contents of reducing substances
such as sulphide, divalent iron and manganese are vital for maintaining reducing condi-
tions in the groundwater. The capacity to resist an attack by oxidizing substances – such
as oxygen trapped in the repository on closure, or oxygen-rich water that infiltrates
down on melting of a glacier – exists in the minerals. The redox level, or Eh, and the
kinetics of the reactions are determined by the dominant redox pairs in solution along
with the variety and quantity of microbes.
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Model studies/experimental studies

It is possible with the aid of thermodynamic calculation tools to figure out which
mineral alterations can be expected under different conditions. The accuracy of data
and reactions is sufficient, whereas knowledge of the reaction kinetics is less satisfactory,
which makes it difficult to get an idea of what time spans need to be postulated to
achieve equilibrium.

Time perspective

Very saline water, brine, will remain unchanged during the short (geologically speaking)
period of time needed for safe disposal of nuclear waste. The fact that brines still exist
is attributable to their stability in time. This is also true of the primary minerals in the
rock. The conditions that prevail today will remain relevant during the entire life of the
repository.

Chemical reactions that influence the composition of the water occur in a timeframe of
thousands to hundreds of thousands of years. Producing a water with extremely high
salinity (brine) requires much longer periods. The prevailing chemical groundwater
composition is the result of many different ongoing reactions. Because they have been
going on for a long time, they have reached a static situation where the effects of differ-
ent reactions balance each other. The composition can thereby be regarded as static, i.e.
it will remain as it is unless changes in the flow conditions cause changes in the mixing
proportions between different water types.

Summary of uncertainties

Many different mineral alteration reactions lie behind the evolution of the water chem-
istry, and in extreme cases the formation of brines. The end result of these reactions is
generally well known. The uncertainty relates to the kinetics of the reactions, where it is
known that many are extremely slow. It is therefore also unreliable to regard the water/
mineral system as if it were in equilibrium and thereby capable of being described with
the aid of thermodynamic data. Due to the inertia in the system, i.e. its slow kinetics,
small changes caused by dissolution and precipitation in the rock matrix can be ex-
pected in the geologically short timespan needed for disposal of the spent nuclear fuel.

Handling in the safety assessment

Base scenario: The process is not deemed to cause appreciable changes in groundwater
composition or matrix porosity in the base scenario. Changes in pH caused by cement
are dealt with in section 5.7.7.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.



SR 97 – PROCESSES IN REPOSITORY EVOLUTION – TR-99-07 233

5.7.5 Dissolution/precipitation of fracture-filling minerals

Figure 5-25. Dissolution/precipitation of fracture-filling minerals.

Overview

Minerals on fracture surfaces can dissolve in the groundwater. And conversely, solutes in
the groundwater can precipitate on the fracture surfaces.

Under steady-state conditions, these processes are as a rule very slow. In the case of
transient processes, e.g. infiltration (inflow) of acid or oxygenated water in the bedrock,
the capacity of the fracture-filling minerals to buffer (counteract) chemical changes is
important. In the case of radionuclide transport, the interaction between dissolved
nuclides and fracture surfaces is important.

General description, model studies/experimental studies

Reactions between water and fracture-filling minerals give rise to conversion (alteration)
of primary mineral phases to secondary ones. The phenomenon is called chemical
weathering, and the secondary mineral phases consist of different kinds of clay minerals.
In crushed volumes, where both mechanical and chemical influences have occurred at
different times since the rock was formed, there are large quantities of different second-
ary fracture-filling minerals. The sequence in which they have been formed can be
revealed by a careful mapping /Tullborg et al, 1991/. However, it is usually difficult to
determine when and under what conditions this has taken place. Most fracture-filling
minerals have originated under hydrothermal conditions (temperatures above 100°C and
pressures well above 1 bar) far in the past. Subsequently, they have been subjected to
alterations on several different occasions.

Precipitated minerals formed by mixing of waters of different compositions are also
present on individual fracture surfaces. Such precipitations are calcite, gypsum, siderite,
pyrite, fluorite and certain iron oxides. The existence of these mineral phases makes it
possible to draw qualitative conclusions concerning the water chemistry that prevailed
when the minerals were formed. By contrast, the opposite reactions, dissolution of
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fracture-filling minerals, can neither be identified or quantified. A rapid transport of a
carbon dioxide-rich water can, for example, dissolve calcite in a flow path relatively
rapidly, and on mixing with another water precipitate calcite on the fracture surfaces.
Calcite mineral in the same fracture has been investigated at different depths to provide
information on the dissolution rate and thereby the groundwater flux /Landström and
Tullborg, 1995/.

Co-precipitation of radionuclides: Precipitation and dissolution reactions are of great
importance for nuclide transport and understanding of retention processes for
radionuclides. Small amounts of nuclides may be entrained in e.g. the calcite lattice in
connection with the precipitation of different mineral phases. This process is called co-
precipitation and can be described quantitatively. Other trace substances that occur in
the groundwater system have been able to be modelled via co-precipitation, and it is
likely that radionuclide concentrations in groundwater could also be controlled by this
process /Bruno et al, 1996/.

Influence on sodium and calcium concentration: Meteoric reharging water that
contains calcium gains sodium with depth, while infiltrated seawater loses sodium in
exchange for calcium. The reason is ion exchange which takes place in clay minerals
along with weathering and precipitation reactions. As a result of these reactions, the
water, regardless of whether it is fresh or saline, will have certain concentrations and
proportions of sodium and calcium. Very dilute groundwaters are unusual at great
depths, and the calcium concentration generally exceeds 10 mg/l at repository depth.
This is important, since calcium destabilizes colloidal particles at a concentration in
excess of about 4 mg/l.

Influence on magnesium and potassium concentration: The cations magnesium and
potassium are common in groundwater, but their concentration is kept down by uptake
in smectite clays and precipitation reactions. This is clearly evident on sites where
seawater has infiltrated the rock and the concentrations have fallen from a high level to
below 150 mg/l for magnesium and 12 mg/l for potassium.

Influence on pH: The groundwater’s pH normally lies in the range 6.5–9.5. Of great-
est importance for the pH in the infiltrating groundwater are reactions between carbon
dioxide dissolved in the water and calcite mineral in the rock’s fracture system. The
carbonate system quickly reaches a state of equilibrium and determines the water’s pH,
which will then lie around 8.5 /Stumm and Morgan 1981/. The total carbonate concen-
tration often varies within the range 100 to 300 mg/l and seldom exceeds 600 mg/l.
Extremely high carbonate concentrations can occur as a result of biological activity.
Concentrations of 1,000 mg/l have been recorded on isolated occasions. The biological
processes than drive up the carbonate concentration also cause the pH to fall to below
7.

With increasing depth, the carbonate concentration usually decreases and the salinity
increases. Saline groundwaters that have been isolated for a long time generally have a
lower pH than non-saline stagnant waters. The reason may be that hydrogen ions
located in the mineral layers can be replaced by cations in the water so that more
protons come out into solution and the pH thereby becomes lower than in non-saline
groundwaters /Toulhoat et al, 1992/.

The carbonate content of non-saline deep waters also declines with increasing residence
time as an effect of increasing pH. The increasing pH is a result of feldspar weathering,
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which releases calcium which, by precipitation of calcite, further lowers the carbonate
concentration. The pH-buffering capacity which exists in the carbonate system in the
groundwater, and which determines the pH, is however small in comparison with the
buffering capacity in the minerals. The amount of calcite that coats the fracture surfaces
is of greater importance for buffering against acidification than the carbonates in the
aqueous phase. Equally large capacity exists in feldspars, which can also buffer against
acidification. A quantitative example of the capacity of feldspar was given in a study in
Poços de Caldas /Chapman et al, 1993/, where a superficial groundwater with a pH of
3 was changed to 6–7 by reaction with feldspar /Nordström, 1992/.

Calcite minerals are a useful indicator of inflow of recently-infiltrated groundwater. In
areas where carbon dioxide-rich groundwater has infiltrated the bedrock, calcite dissolu-
tion can be seen to have occurred down to a depth of about 100 metres. The propor-
tion of calcites in fracture-filling minerals in the water-bearing fractures can be esti-
mated at 5 to 40 percent. The calcite minerals thereby constitute an effective buffer
against infiltrating acid groundwater. Various analyses have been performed for the
purpose of describing how an acidification will affect the groundwater composition at
repository level /Wersin et al, 1994/. The conclusion is that the capacity of the minerals
in the rock is sufficient to buffer against any acidification that can reasonably be ex-
pected.

Influence on redox conditions: Under the undisturbed conditions which prevail
before the repository is built and which are expected to be reinstated some time after
closure, it can be assumed that conditions are reducing and that the Eh of the
groundwater coincides with iron and sulphide minerals in the rock and lies at a level
such that uranium (technetium, neptunium and plutonium) in solution occurs in re-
duced, poorly soluble form. The Eh is linked to the pH and varies within the range -
100 to -400 mV for pH values in the range 7–9.

The redox buffering capacity will lie in the available iron and sulphide minerals in the
fractures. Numerous experiments have been conducted to explore both the reaction
kinetics /Malmström et al, 1995/ and the capacity /Pirhonen and Pitkänen, 1991/ of
iron-bearing minerals.

Influence on fracture geometry: Due to the relatively rapid dissolution and precipita-
tion reaction with calcite, the flow paths in the rock will be changed if the chemistry of
the infiltrating groundwater is changed. Open fractures will be healed and previously
healed fractures may be opened due to changes in water chemistry. Only in the event of
major climate changes is the effect expected to be pronounced.

An idea can be obtained of the effect of fracture opening/closing by comparing the
occurrence of healed and open calcite fractures near the ground surface and at greater
depths. The proportion of healed fractures is estimated to be one-third at depths down
to 100 m and two-thirds at depths greater than 100 m. There are, however, great local
variations due to site-specific hydrological conditions.

Time perspective

The dissolution and precipitation reactions in the fracture systems are fast in compari-
son with the weathering of the primary minerals. These reactions are therefore of
importance in a repository perspective. It is necessary to take into account the conse-
quence for fracture minerals of keeping the repository open, and the fact that it takes
some time before the initial undisturbed conditions have been restored.
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Natural analogues

In the Poços de Caldas project, the effects of co-precipitation were evaluated for ana-
logues to radionuclides. The importance of co-precipitation as a retention process could
be verified /Bruno et al, 1996/.

Summary of uncertainties

There is in general high certainty regarding the formation and kinetics of the fracture-
coating minerals that have formed at low temperatures, i.e. those that have been precipi-
tated due to supersaturation in the groundwater. The difficulty is to find these minerals
and get an idea of their quantities and occurrence among the much larger quantity of
fracture-filling minerals that have arisen under hydrothermal conditions. There is also
an uncertainty regarding the origin of certain iron oxides, where it is of importance
whether they have arisen under hydrothermal conditions or by oxidation of oxygenated
groundwater. The variability, co-existence and spatial distribution of different minerals
is poorly understood.

Co-precipitation reactions are known for certain solid phases and trace substances.
There is great uncertainty as to whether these reactions apply generally.

Handling in the safety assessment

Base scenario: With knowledge of the hydrochemical conditions on different sites, the
equilibrium situation should be calculated for the most common fracture-filling miner-
als calcite, gypsum, siderite, fluorite, barite, pyrite and iron sulphide. These calculations
can be used to describe the stability of the groundwater system and can give an indica-
tion of what direction its evolution will take.

Canister defect scenario: See base scenario. For the influence of co-precipitation on
radionuclide transport, see section 5.8.

Climate change: A qualitative analysis should be made of the clogging of present-day
flow paths and opening of others by precipitation and dissolution of calcite. This re-
quires knowledge of the occurrence and variability of the calcites on the analyzed sites.
Sufficient knowledge exists for Aberg, but not for Beberg and Ceberg.

When a glacier melts, oxygenated water could possibly penetrate down to repository
depth. This is dealt with in SR 97 by groundwater modelling /Svensson, 1999/ and by
calculation of the reactions of the oxygen during transport down in the rock /Guimera
et al, 1999/. The groundwater modelling yields travel times, while the oxygen calcula-
tions answer the question of whether the oxygen is consumed during the descent of the
water.

Earthquake: See base scenario.
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5.7.6 Microbial processes

Figure 5-26. Microbial processes.

Overview

Bacteria in the groundwater can act as catalysts for:

• reactions where oxygen oxidizes organic matter,

• oxidation of divalent iron and sulphide with oxygen,

• reduction of trivalent iron to divalent (via oxidation of organic matter),

• reduction of sulphate to sulphide (via oxidation of organic matter),

• reduction of carbon dioxide to organic matter (via oxidation of hydrogen),

• reduction of carbon dioxide to methane (via oxidation of hydrogen or certain or-
ganic compounds).

The organic engineering and stray materials present in the repository can serve as
nutrients for microbes in the vicinity of the repository. Even in the absence of organic
matter, the bacteria can utilize methane and hydrogen dissolved in the water.

Consumption of oxygen influences the redox conditions in the groundwater around the
repository, one of the more important variables in the hydrogeochemical environment.
Sulphide can contribute to corrosion of copper, so the sulphide concentrations in the
groundwater around the repository are of importance for the canister’s isolating func-
tion.

General description

The importance of microbes for groundwater composition has recently received greater
attention and been examined in greater detail than before /Pedersen, 1997/. It has also
been found that microbes have, in special contexts, significantly altered the chemistry of
the water. Bacteria can be beneficial, for example by participating in the chemical
reduction of dissolved oxygen, or unfavorable, for example by reducing sulphate to
sulphide /Pedersen and Karlsson, 1995/.
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Oxygen consumption: Bacteria are of great importance when it comes to consuming
the dissolved oxygen present in infiltrating surface water. Organic matter is the principal
reducing agent and bacteria play a key role as catalysts in the rock’s fracture system as
well /Banwart (Ed.) 1995/. Previously it has been believed that this reaction only takes
place in the soil layer, but this is not the case. This process can be expressed in simpli-
fied terms as follows:

CH2O + O2 ↔ CO2 + H2O

During the construction and operating phases, the inflow of groundwater to the facility
will influence the redox conditions. The increasing groundwater flux in the rock above
the repository is not expected to influence the water’s redox properties appreciably,
however. The reason is that the increased flow of superficial oxygenated water will be
balanced by the microbes so that all oxygen is consumed anyway. Stoichiometrically,
4 mg/l of organic carbon is sufficient to reduce 10 mg/l of dissolved oxygen. If the
organic matter content is higher, trivalent iron and sulphate will also be oxidized after
all oxygen has been consumed /Banwart et al, 1995/.

During repository construction, atmospheric oxygen will come into contact with miner-
als on tunnel walls and with water entering the facility. The oxygen will in all likelihood
be consumed by bacteria after closure, provided there is some organic matter left in the
repository.

Most groundwaters contain methane, which is degassed at the ground surface or when
the water reaches a tunnel system. Methane-oxidizing bacteria are very common. They
oxidize methane with oxygen, thereby contributing to oxygen consumption in a reposi-
tory. Methane is thus an important complement to organic matter in microbial oxygen
consumption. In contrast to the organic matter content, the methane content is often
constant or increases with depth.

Reduction of iron: When all dissolved oxygen has been completely consumed, the
concentrations of divalent iron in the groundwater often rise. The divalent iron is
formed via reduction of trivalent iron in various minerals by iron-reducing bacteria,
which utilize organic matter as a reducing agent /Chapelle and Lovley 1992/. The
highest concentrations of divalent iron, 1–10 mg/l, often occur in the depth interval
down to 100 m, after which the iron concentration drops to 0.01–0.1 mg/l at repository
level. The reason is that sulphate-reducing bacteria that compete with iron-reducing
bacteria for the nutrients are more efficient when the supply diminishes. At greater
depths, the supply of both organic matter and nutrients is lower. The reduction of
sulphate generates sulphide, which precipitates iron as iron sulphide or pyrite. This
explains the reduction in iron concentration often seen towards greater depth. Both of
these processes have a beneficial influence on the available redox capacity in the flow
paths. Precipitation of iron and sulphide minerals in the flow paths make these minerals
available for situations when the redox capacity may be needed, e.g. to reduce oxygen
dissolved in the water.

Reduction of sulphate: The occurrence of bacterial sulphate reduction is concentrated
to sites where the supply of organic matter, nutrients and sulphate is plentiful. This is
particularly true beneath bottom sediments in the Baltic Sea, where the hydrological
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evolution has resulted in infiltration of sulphate-rich seawater into the rock’s fracture
system on one or more occasions since the most recent ice age /Laaksoharju and Wallin
1997; Rehn et al, 1997/. An analysis of the prerequisites for extensive sulphate reduction
has shown that salinity is also of importance /Laaksoharju (Ed.), 1995/. The most
favourable range was in this case 3,000–6,000 mg/l of chloride, i.e. the salinity of the
Baltic Sea.

On other sites there are sulphate-reducers that have optimal conditions at other
salinities, indicating that the bacteria have adapted to prevailing conditions through
mutations.

Unusually low pH values (6.8–7.0) have also been recorded in conjunction with exten-
sive sulphate reduction in the tunnel section out to Äspö.

Reduction of carbon dioxide: Methanogenic microorganisms reduce carbon dioxide to
organic matter and methane, using hydrogen as an energy source. Certain methanogens
can utilize acetate and many can utilize compounds with only one carbon atom, such as
formate, methanol, methylamine, etc. Methane occurs generally in most investigated
groundwaters. One group of bacteria that is of particular interest is homoacetogenic
bacteria. They reduce carbon dioxide to organic matter, including acetate, using hydro-
gen as an energy source and thus constitute a link between hydrogen and acetate-
utilizing microbes (methanogens, iron- and sulphate-reducing bacteria).
Homoacetogenic bacteria have been encountered in large quantities both in the rock
around the Äspö HRL and in deep Finnish groundwaters.

Carbon dioxide-reducing bacteria have a favourable impact on a repository, since they
convert hydrogen to methane and organic matter, which can in turn be utilized by
methane-, iron- and sulphur-oxidizing bacteria, as described above.

Model studies/experimental studies

Besides the above-mentioned studies, great efforts have been made to demonstrate –
both by means of models and experimentally – that reducing conditions exist at reposi-
tory depth. An experiment was carried out during the construction phase of the Äspö
HRL for the purpose of clarifying what happens with dissolved oxygen that rapidly
infiltrates an open facility /Banwart et al, 1995/. Another is now under way, aimed at
increasing our knowledge of what happens with the oxygen that is left when the reposi-
tory has been closed /Puigdomenech, 1998/. In both of these studies, the importance of
the microbes has been conclusively demonstrated and even quantified /Kotelnikova and
Pedersen, 1998/.

Summary of uncertainties

Uncertainties in understanding: Our knowledge of what effects the different microbes
have and the preconditions for their existence is good.

Uncertainties in data: Great variability exists in where and to what extent the different
microbial processes occur. Bacterial reduction of oxygen in the superficial rock is,
however, widely occurring and well-supported.
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A special situation that ought to be taken into account concerns the precipitations of
bacteria and iron hydroxide that are formed when reduced groundwater meets atmos-
pheric oxygen in tunnels. If this precipitation proceeds for a long time, large quantities
of organic matter will be deposited on the tunnel walls and remain after closure. How
large these quantities are, and what consequences this may have, are still unknown.

Handling in the safety assessment

Base scenario: Mass balance calculations can show how different kinds of residual
materials remaining in the repository will react. It is assumed that all organic matter
will be able to serve as nutrients for microbes. Furthermore, the availability of hydrogen
will be decisive for microbial activity in the long term. This means that an increased
effect of microbial activity must be expected until all organic matter has been con-
sumed, and subsequently an activity that is controlled by the supply of hydrogen. This
means that oxygen, iron, sulphate and carbon dioxide will be reduced. The scope of
these reactions is dependent on mass flows. Qualilative discussions of these processes are
presented in SR 97.

Canister defect scenario: See base scenario. The bacteria can also function as carriers
of nuclides and thereby be of some importance for nuclide transport, see section 5.8.

Climate change: The absence of a soil layer with oxygen-consuming bacteria can lead
to increased penetration of oxygenated water. See “Reactions groundwater/rock matrix”
above for effects of this.

Earthquake: See base scenario.

5.7.7 Decomposition of inorganic engineering material

Figure 5-27. Decomposition of inorganic engineering material.

Overview

Inorganic materials that are not chemically stable in a deep repository will decompose
and will mainly affect the water composition. Iron and steel will corrode with hydrogen
formation, while dissolution of cement and concrete locally can affect the pH of the
water.
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General description

Steel corrosion: Fe + H2O = FeO + H2. Steel corrodes with hydrogen formation and
has no appreciable effects on the water chemistry.

Dissolution of cement and concrete: Cement and concrete can theoretically influence
the pH of the water, but are presumably of no importance since concrete dissolution is
expected to proceed slowly and the quantities in the repository are expected to be small.
Cement is also used to seal water-conducting rock in access tunnels. Experience from
the groutings done in the Äspö tunnel also shows that large quantities of cement mortar
cause small and short-lived changes in the pH of the groundwater /Rhén et al, 1997/.

Natural analogues

Silicate minerals in granitic bedrock react with hydroxide ions, which may derive from
cement. The silicate minerals dissolve as a consequence of hydrolysis reactions, after
which secondary reaction products are precipitated. The course of the reaction has been
studied at the hyperalkaline springs in Maqarin, Jordan /Smellie (Ed.), 1998/. The
reaction rate is unknown, but it is estimated that the reaction can reduce the pH from
about 13 to 10–11 and that it is presumably an extremely thin layer of minerals that
reacts.

Summary of uncertainties

The uncertainties pertain to the quantities of materials that remain and where in the
repository they are. Approximate total quantities can be estimated today. Where they
are concentrated and how in relation to each other may be of importance to the analy-
sis.

Handling in the safety assessment

Base scenario: The process is neglected in view of the fact that the quantities are small.

Canister defect scenario: See base scenario.

Climate change: See base scenario.

Earthquake: See base scenario.

16 19-1476
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5.7.8 Colloid formation

Figure 5-28. Colloid formation.

Overview

Colloidal particles can form in the groundwater as a result of chemical reactions, for
example due to supersaturation when two different types of water are mixed. They can
also form as a result of erosion. Radionuclides can sorb (adhere) to colloidal particles
and be transported with them. It is therefore important to estimate to what extent such
particles can occur or be formed in the groundwater.

General description

Colloid formation can take place as a consequence of supersaturation in water or due to
interaction between solid materials and aqueous solution. The concentrations in deep-
lying waters are very low, so that it can be assumed that colloids, if they form, are not
stable under these chemical conditions.

Colloids can be transported in water-conducting fractures in the same way as solutes,
the difference being that colloidal particles are not affected by matrix diffusion.

Colloids are tiny particles that do not sediment. A practical definition of colloidal
material is the fraction that passes through a 0.45μ filter, i.e. has a diameter less than
450 nm. These tiny particles can be conglomerates of molecules and compounds, such
as iron hydroxides, or single large organic molecules. Bacterial comprise a special group
of “colloids”. There is no lower limit for the size of colloids. The borderline between
dissolved hydrated substances and colloids is thereby diffuse.

Colloids occur generally and plentifully in superficial water, but are rare in deep
groundwaters. The concentrations of colloidal material are so low (less than 0.05 mg/l)
that it can be said that mixing and precipitation, as well as chemical weathering, do not
generate stable colloids in concentrations of any importance /Laaksoharju et al, 1993/.
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In contrast, the slightest admixture of atmospheric oxygen in a reducing groundwater
gives rise to extensive colloid formation. After closure of the repository, the water may
contain high concentrations of colloidal material during a transitional period, in the
order of several to several tens of ppm /Wikberg, 1987/.

Model studies/experimental studies

Colloids have been modelled and investigated experimentally in many different contexts,
including as a separate EU project with participants from a number of research insti-
tutes /Kim et al, 1996/. No in situ experiments are known, however. Under the reducing
conditions in the bedrock, the concentrations are usually so low that they cannot be
measured. A value of 0.05 mg/l has been estimated on the basis of an evaluation of
measured concentrations and an estimate of the uncertainties inherent in these values.
The value is pessimistically high. The evaluation is based on an experimental study
conducted in cooperation between SKB and TVO at Olkiluoto /Laaksoharju et al,
1993/.

Time perspective

Extensive colloid formation can be expected in conjunction with closure of the reposi-
tory, when mixing of oxidizing and reducing water occurs. The time this takes is deter-
mined by the groundwater flow and is expected to be no more than a few years.

Summary of uncertainties

Formation of colloids is dependent on several factors that are not fully understood
today. In contrast to solutes, it is not possible to stipulate equilibrium conditions for
colloids.

Handling in the safety assessment

Base scenario: Extensive colloid formation is expected to occur temporarily in connec-
tion with the closure of the repository. Shortly after closure and from then on, the
concentration of colloids is expected to be less than 0.5 mg/l /Laaksoharju et al, 1998/.
Colloids are of no importance in the base scenario.

Canister defect scenario: Previous calculations have shown that the expected colloid
concentrations are of no importance for radionuclide transport /Allard et al, 1991/. For
further discussion, see section 5.8.

Climate change: Water with an extremely low concentration of dissolved salts can
erode the bentonite buffer, which could give rise to colloid formation. Such water could
enter the repository in conjunction with the melting of an inland ice sheet. This is dealt
with in section 4.7.7.

Earthquake: See base scenario.
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5.7.9 Gas formation/dissolution

Figure 5-29. Gas formation/dissolution.

Overview, general description, model studies/experimental studies

All gaseous substances can dissolve in water. The solubility of different gases varies and
is dependent on both hydrostatic pressure and temperature. Solubility is often given at
25°C and a pressure of 1 atmosphere (NTP = normal temperature and pressure) in the
gas in question. If several gases together contribute to the total pressure, the solubility
of the individual gases is proportional to their partial pressure, i.e. the portion of the
pressure contributed by the individual gas. In a gas mixture at 1 atmosphere that con-
sists of equal parts nitrogen and hydrogen, the partial pressure of each gas is 0.5 atmos-
phere. In an aqueous solution in equilibrium with such a gas mixture, the concentration
of the dissolved gases is then only half of the concentration that is soluble with a pure
gas phase.

Solubility increases in proportion to the hydrostatic pressure, i.e. the solubility at a
depth of 500 m is 50 times higher than at the same temperature on the ground surface.
If several gases are dissolved, their partial pressures contribute to the total pressure. If
the aggregate partial pressure of the gases exceeds the hydrostatic pressure, a separate
gas phase is formed. This gas phase then consists of a mixture of all the dissolved gases
in proportion to their partial pressures. Such a degassing takes place, for example, when
deep-lying groundwater is pumped up to the ground surface for sampling.

The groundwater contains varying quantities of dissolved gas. Nitrogen usually domi-
nates, followed by methane, carbon dioxide, helium, argon, hydrogen, etc. Sometimes
high concentrations of hydrogen and methane occur. The total quantity of dissolved gas
varies around 5 volume-percent (NTP) and is generally higher towards greater depth.
There are also sites where very high gas concentrations have been encountered, up to
1,000 ml of gas per litre of groundwater, and where the composition has been com-
pletely different with hydrogen and/or methane as the dominant components /Sherwood
et al, 1993; Pitkänen et al, 1998/.
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There are different hypotheses concerning the origin of gas dissolved in groundwater.
Low concentrations can be explained by the fact that infiltrated groundwater has been
saturated with respect to the gas components present in the air. The oxygen has then
been consumed by reactions, while the other components are found in the same propor-
tion as in air. Very high concentrations of hydrogen and methane encountered locally
are assumed to derive from upflowing from the interior of the earth, or to be the result
of extensive bacterial activity /Pedersen, 1997/.

Summary of uncertainties

Uncertainties in understanding: Our fundamental understanding of the process is very
good.

Uncertainties in data: The reaction constants that are needed to describe the process
are in general well known.

The quantity of dissolved gas varies greatly, as previously mentioned. The large varia-
tion that has been measured on various sites is probably linked to the varying occur-
rence of microbes. Furthermore, some of the variation may be due to the fact that some
gas comes from great depth and has been generated in the rock, while other gas comes
from the ground surface.

Handling in the safety assessment

Base scenario: No gas formation/dissolution of importance for the evolution of the
repository is expected in the base scenario. Concentrations of dissolved gases are ex-
pected to remain the same as those that exist now.

Canister defect scenario: Hydrogen gas from a corroding cast iron insert comple-
ments the situation in the base scenario, see further section 4.5.3. Possible radionuclide
transport in a separate gas phase is dealt with in section 5.8.

Climate change: See base scenario and section 5.7.10.

5.7.10 Methane ice formation

Figure 5-30. Methane ice formation.
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Overview, general description

At the pressures and temperatures that prevail during a glaciation, water and methane
can combine to form a solid phase known as methane ice, involving small energy fluxes.
The transformation from the solid methane ice phase to water and methane gas can give
rise to a volume change that affects the rock, especially if large quantities are trans-
formed at the same time.

Methane ice formation can take place at the ground surface directly beneath a thick
glacier, or under a permafrost that reaches down to a depth of 150 m or deeper. It can
be assumed that it is only in highly conductive fracture systems that an upward trans-
port and enrichment of methane is possible. This means that it is only there that meth-
ane ice can form. In nature, methane ice has been observed in marine sediments and
underneath permafrost. It is unlikely that methane ice formation will occur in a deep
repository on a scale of importance to the safety of the repository. In order for this to
happen, methane must be present in the gas phase at a depth of 500 m in order to
combine with water and form methane ice. The solubility of methane is 4 g/l at normal
pressure and 20°C. To occur in the gas phase at repository level at the hydrostatic
pressures prevailing there, a concentration of over 200 g/l of dissolved methane is
needed, or very high concentrations of other dissolved gases. Actual concentrations of
dissolved gas are always much lower /Hermansson et al, 1991a, b).

Summary of uncertainties

Uncertainties in understanding: Methane ice formation is a physically well understood
process.

Uncertainties in data: Computer uncertainties concern the necessary conditions for the
formation of methane ice in connection with a deep repository, and above all the com-
bination of a permafrost that reaches down to repository level at the same time as
methane occurs in the gaseous phase at repository level.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: See base scenario.

Climate change: Present-day knowledge suggests that this process is of no importance
for the safety of the deep repository during a glaciation.

Earthquake: See base scenario.



SR 97 – PROCESSES IN REPOSITORY EVOLUTION – TR-99-07 247

5.7.11 Salt exclusion

Figure 5-31. Salt exclusion.

Overview and General description

As water freezes slowly, the solutes present in the water will not be incorporated in the
crystal lattice of the ice. All salt that has been present in the water will then be pushed
in front of the glacier. It is assumed that this can also occur in connection with perma-
frost, provided that freezing proceeds slowly and continuously. This process could, if
repeated a number of times, give rise to a relatively sharp borderline between fresh and
saline water at the depth to which the permafrost has reached.

Summary of uncertainties

It is doubtful whether salt exclusion occurs to an extent that makes the process signifi-
cant for the distribution of saline and fresh water.

Handling in the safety assessment

Base scenario: Not applicable.

Canister defect scenario: See base scenario.

Climate change: Salt exclusion is a process that is probably of no importance for the
safety of the repository and is therefore not taken into account in the assessment.

Earthquake: See base scenario.
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5.8 Radionuclide transport

Figure 5-32. Radionuclide transport.

Overview

Radionuclides can be transported with the flowing groundwater, advection. Another
process that can be important under stagnant conditions is diffusion. An important aspect
of this is matrix diffusion, i.e. radionuclides diffuse into the stagnant water in the
micropores of the rock and are thereby retained and transported more slowly than the
flowing water. The timescale for advection relative to the timescale for matrix diffusion
determines the relative importance of the latter process. Sorption, where radionuclides
sorb (adhere) to the surfaces of the fracture system and the rock matrix, is also crucial
for radionuclide transport. Matrix diffusion and sorption are the two most important
retention processes for radionuclides in the geosphere. Another factor that can be of
importance for retention is sorption on colloidal particles and transport with them.
The chemical environment in the water determines what speciation (chemical form) the
radionuclides will have, which is crucial particularly for the sorption phenomena. Some
nuclides can be transported in the gas phase. Finally, radioactive decay influences the
groundwater’s content of radionuclides and must therefore be included in the descrip-
tion of transport phenomena.

5.8.1 Advection and dispersion

General description

Section 5.5.1 describes the processes that control the groundwater flow through the
fractured rock in the geosphere, and how to calculate an integrated flow, the Darcy flow
rate, through the rock. Section 5.7 describes how the processes of advection and disper-
sion can lead to mixing of groundwater, and how the hydrogeochemical environment is
affected by these mixing conditions. How the processes of advection and dispersion
influence radionuclide transport is described below.
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Only a small portion of the volume of the rock is taken up by cavities such as fractures
and porous structures in the intact rock. The groundwater flows in these cavities, but
only through fractures that are hydraulically connected and through that portion of the
fracture volume that is open to flow. The flow porosity, which is smaller than the total
porosity of the rock, is the portion of the rock that is taken up by flowing groundwater.
The total groundwater flow per unit area is called the Darcy velocity. The mean trans-
port velocity of the water particles is obtained as the Darcy velocity divided by the flow
porosity. This resultant transport process describes the groundwater’s bulk movement
and is called advection.

The Darcy velocity is defined on a macroscopic scale. On smaller scales, velocity differ-
ences occur for the flow within a fracture and between different fractures. These veloc-
ity variations lead to mixing phenomena called hydrodynamic dispersion. During trans-
port in fractured rock, the dispersion is usually dominated by velocity variations be-
tween different flow paths.

The division of transport into an advective and a dispersive component is dependent
on the scale studied and is relatively arbitrary. The advective component describes the
mean transport, while the dispersive component takes into account effects of heteroge-
neity in the rock and velocity variations on scales smaller than that described by
advection. Dispersion also contains a component that describes pure molecular diffusion
in water. Dispersion is a model concept rather than an actual process.

Model studies/experimental studies

The so-called advection-dispersion concept is often used in the modelling of tracer
tests. This concept expresses in its simplest one-dimensional formulation that the mass
flow is proportional to the advective velocity multiplied by the concentration in the
aqueous phase and to a dispersion coefficient multiplied by the concentration gradient.
The dispersion coefficient is often expressed as a constant (longitudinal dispersivity)
multiplied by the advective velocity.

A number of combined studies have been done where experiments have been conducted
in the field and modelled at the same time. In Sweden, experiments have, for example,
been conducted in the Stripa Mine /Gnirk 1993; Olsson and Gale 1995/, in Finnsjön
/Ahlbom et al, 1992/ and at the Äspö HRL /Gustafson and Ström, 1995; Elert, 1999/.

In modelling with the advection-dispersion concept, it has often turned out to be diffi-
cult to estimate parameters á priori for the advective and dispersive transport based
solely on hydraulic data such as flowrates and pressures. For the advective component,
the problem involves determining a relevant flow porosity for calculation of the mean
velocity of the water. Further, it has turned out that the dispersivity concept does not
work generally at high spatial variability in fractured rock; among other things, a scale
dependence has been observed for the dispersion. The importance of these aspects is
touched upon below under “Handling in the safety assessment”.

Time perspective

In modelling studies, advective travel times from repository sites up to the biosphere of
the order of tens to hundreds of years have typically been obtained /SKB 91, 1992;
Svensson, 1997/. Dispersion does not significantly influence these timespans. It is im-
portant to note that these advective travel times are pure model results without any
counterpart in the actual systems; an actual “water particle” is subjected to both diffu-
sion and matrix diffusion (see below) and thereby has longer travel times. Furthermore,
the travel times cited above are proportional to the assumed porosity, which is not well
known in fractured rock (see “Summary of uncertainties” below).
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Summary of uncertainties

The conceptual uncertainties surrounding advection can be regarded as very small. The
process in itself is well understood, but the naturally occurring spatial variability in
hydraulic conductivity entails that groundwater flow and advective velocities also vary in
space. In modelling, this variability can entail an uncertainty for transport predictions.
Difficulties in estimating the flow porosity (see above) also entail an uncertainty in
determination of the final advective velocity. For transport of sorbing radionuclides,
however, the advective velocity is of secondary importance (see “Sorption and Matrix
diffusion” below); the resulting uncertainty in advection is therefore not of major im-
portance.

The conceptualization of velocity variations as a dispersion process is more problemati-
cal; other approaches may be necessary in order to achieve an adequate description.
Alternative approaches are described in greater detail below under “Handling in the
safety assessment”.

Handling in the safety assessment

Base scenario: No radionuclide transport is expected in the base scenario. If the analy-
sis of the base scenario should nevertheless result in canister damages, radionuclide
transport is handled as in the canister defect scenario below.

Canister defect scenario: In SKB’s safety assessment SR 97, three different
conceptualizations are used for groundwater flow and transport: Discrete fracture
model, channel network model, and stochastic continuum description. In all models, a
large-scale mixing is obtained by means of explicit modelling of variation in advective
velocity between different transport pathways. In the discrete models, individual frac-
tures comprise transport pathways, while a spatial conductivity distribution comprises
the basis for pathlines with varying velocity in the continuum models. This large-scale
mixing is the dominant component in what is known as dispersion. The explicit model-
ling of these velocity variations thus serves to minimize the use of the somewhat prob-
lematical concept of dispersion to small-scale velocity variations (i.e. velocity variations
on scales smaller than the explicitly modelled scale). The individual pathlines comprise
a basis for a collection of one-dimensional streamtubes by means of which radionuclide
transport is described in SR 97.

Dispersion/mixing along the individual streamtube is normally modelled by means of a
dispersion term where the dispersive mass flow is proportional to a dispersion coeffi-
cient. As described above, the dispersion coefficient is given by the velocity of the
groundwater and a coefficient called longitudinal dispersivity (dispersion length). The
dispersion lengths can be very uncertain to estimate, due to the difficulty of conducting
tracer tests in fractured rock over suitable length scales. Transverse dispersion is often
very much less than longitudinal dispersion. The scale dependency of the dispersion
coefficient that has been determined in the field is sometimes simulated by the use of a
dimensionless constant, called the Peclet number. The Peclet number represents the
ratio between advective and dispersive transport. The parameter is included in the
advection-dispersion formulation for particle transport in rock that is used in SR 97
/Norman and Kjellbert, 1990/. Uncertainties in dispersion are handled in SR 97 by the
use of a range for the Peclet number /Andersson et al, 1998; Andersson, 1999/. The
effect of this uncertainty is small, however.
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Climate change and earthquake: The influence of these scenarios on groundwater
flow and transport is described in section 5.5.1. If there is a need for radionuclide
calculations, the same transport models are used as for the canister defect scenario, but
with flow paths and velocities representing the relevant scenario. For SR 97, however,
there is the limitation that transport is described with streamtubes. The definition of
these is based on a groundwater flow that does not change in time. Thus, it is necessary
within each scenario to define time periods with roughly constant flow conditions.

5.8.2 Sorption

General description

The term “sorption” includes a number of different retention processes/mechanisms
which result in a substance (radionuclide) that is transported dissolved in groundwater
being immobilized (adhering) to the solid surfaces of the rock. The most important
mechanisms are ion exchange and surface complexation /Carbol and Engkvist 1995/.
Sorption for some radionuclides can be irreversible in practice and then results in
permanent immobilization of the nuclide. In these cases, the nuclide is incorporated in
the mineral lattice. For the quantities of radionuclides that have the potential to be
immobilized, the sorption capacity of the geosphere can be considered to be unlimited,
i.e. the sorption will not be weakened as the amount of sorbed material increases.

Sorption can take place directly on the surfaces of the water-bearing fractures or on the
surfaces of the microfractures inside the rock matrix, where the water is more or less
stagnant. Furthermore, sorption can take place on other material, such as clay minerals,
which may be present on the surfaces of the water-bearing fractures.

Depending on the process in question, the strength of the sorption is highly dependent
on the chemical properties of the ions and the presence of possible complexing agents.
It is therefore essential to know the redox conditions, and the groundwater’s pH and
content of complexing agents such as humic and fulvic acids (section 5.7.5). The chemi-
cal form of the nuclide (speciation) is controlled by the prevailing redox conditions.
Complexation in the aqueous phase can reduce the sorption for some of the radio-
nuclides. The amount of the reduction depends on the form and charge of the radio-
nuclide and on the groundwater’s content of humic substances. In connection with ion
exchange, the salinity of the water is also of great importance. High salinity reduces e.g.
the sorption of Cs+ and Sr2+ /Carbon and Engkvist, 1997/.

The minerals that serve as the substrate for sorption have different capacities for taking
up radionuclides. Some minerals are, for example, good ion exchangers, while others
are not. Clay minerals and iron oxyhydroxides have a large capacity to bind nuclides.

A number of other processes besides ion exchange and surface complexation also influ-
ence the distribution of nuclides between aqueous phase and solid phase. Precipitation
reactions and co-precipitation (mineralization) have been identified as important proc-
esses that can contribute to the retention of radionuclides /Grenthe and Puigdomenech
1997/. These processes, which are highly dependent on the speciation of the
radionuclides and the saturation of the water with respect to the species in question, are
however not usually regarded as sorption reactions.
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Model studies/experimental studies

A large number of experimental, nuclide-specific studies of sorption have been carried
out /Carbol and Engkvist 1995/. These tests are usually conducted as batch tests where
a specimen containing the nuclide in question in aqueous solution is allowed to come
to equilibrium with the solid rock material. Minerals and water compositions are used
that are typical for the repository site and the important parameters – such as pH,
ionic strength and concentration of radionuclides – are then varied. The change in the
aqueous concentration of the nuclide provides a measure of the sorption. Column tests
with flowing water can also be used to estimate the sorption. In the field, attempts have
been made to estimate the sorption directly by determining the distribution of tracer
between fracture surfaces and equivalent groundwater in boreholes /Landström and
Tullborg, 1990/. Transport experiments with sorbing tracers in the field can also be
used to estimate the strength of the sorption process /Frick et al, 1992; Winberg et al,
in prep/.

If the sorption is linear, completely reversible and in equilibrium, a distribution coeffi-
cient for the particular water chemistry in question, Kd, can be estimated. The assump-
tion of linearity is usually met at the low concentrations that are of interest, while the
assumption of equilibrium is met if the sorption has a timescale that is much shorter
than the timescale for transport with advection and dispersion. The use of Kd entails a
simplification of the relatively complex sorption processes. Models that take into ac-
count non-linear sorption and/or non-equilibrium conditions exist, but are seldom used
in safety assessments.

Time perspective

For most nuclides, the sorption process, particularly ion exchange, is considered to be
fast compared with the timescale for advective transport in fractured rock. This means
that equilibrium between rock material and aqueous phase usually prevails under natu-
ral conditions.

Processes such as incorporation of nuclides in the mineral lattice are much slower than
ion exchange and cannot be considered to be in equilibrium with the rock. However,
since these processes are not utilized in the safety assessment (see below), this slow rate
is not worrisome.

Natural analogues

Dealt with below under the process “Matrix diffusion”.

Summary of uncertainties

Since sorption is a collective term for several processes, it can be claimed that our
conceptual understanding varies. The use of the simplification with the distribution
coefficient Kd is conceptually and practically attractive; but the validity of this approach
can be questioned under certain specific conditions when the prerequisites of the con-
cept are not fulfilled. As discussed above, however, both the linearity and equilibrium
conditions are met for the conditions that apply in the safety assessment. Thus, the
validity of the concept does not in itself entail an uncertainty factor, given the purpose
of the safety assessment.

The greatest single uncertainty factor that affects the Kd value is the variability of the
groundwater chemistry /Bruno and Duro, 1997/. Given all uncertainties, the Kd values
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that are used in safety assessments (see below) are chosen so that the retention capacity
in radionuclide transport is not overestimated, i.e. cautiously pessimistic values are used.

Sorption by means of surface complexation can theoretically also be described with
surface complexation models. These models are general and well-founded, but require a
large quantity of thermodynamic data for the sorbing substances. Furthermore, they
require surface complexation constants, which are difficult to measure for all possible
combinations of nuclides and minerals. The results of different experiments with surface
complexation models have therefore not been used to replace the distribution coeffi-
cients (the Kd values), but rather to further our understanding of the sorption mecha-
nisms and determine what they are dependent on, i.e. how reliable the sorption can be
considered to be /Carbol and Engkvist, 1995; Olin and Lehikoinen, 1997/.

Handling in the safety assessment

Base scenario: No radionuclide transport is expected in the base scenario. If the analy-
sis of the base scenario should nevertheless result in canister damages, radionuclide
transport is handled as in the canister defect scenario below.

Canister defect scenario: Models based on the assumption that sorption in the rock
matrix can be simplified and modelled with the linear equilibrium model (utilization of
Kd) are used in the safety assessment. This means that retention processes such as miner-
alization are not used for the safety assessment.

In order not to overestimate sorption in connection with changes in water chemistry,
cautiously pessimistic distribution coefficients are assigned /Carbol and Engkvist, 1995;
Carbol and Engkvist, 1997/. In SR 97, for example, different values of Kd are used for
non-saline and saline water, and in relevant cases for different redox forms. In principle,
Kd can also be compensated for a decrease in sorption caused, for example, by humic
and fulvic acids /Grenthe et al, 1992/. This is not done in SR 97, however, since the
concentrations of organic matter in the deep groundwaters in question are relatively low
/Carbol and Engkvist, 1997/. Furthermore, an uncertainty span for Kd is used in SR 97
that includes both experimental uncertainty and uncertainties regarding the natural
chemical environment. For further discussion of parameters values in SR 97, the reader
is referred to Andersson /1999/.

Climate change and earthquake: The influence of these scenarios on groundwater
flow and transport is described in section 5.5.1. If there is a need for radionuclide
transport calculations, the same transport models are used as for the canister defect
scenario, but with flow paths, chemical conditions and thus also Kd values representing
the relevant scenario.

5.8.3 Molecular diffusion and matrix diffusion

General description

Transport by molecular diffusion takes place when solutes move from areas of high
concentration to areas of low concentration. Molecular diffusion in the flowing water is
generally considered to be subordinate to the effect of advection and dispersion. Under
stagnant conditions in the fractures in the rock, however, the process can be important.
Molecular diffusion is also important in conjunction with matrix diffusion in the rock’s
water-filled microfractures.
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Matrix diffusion in the rock’s system of interconnected microfractures can be important
since the water there is virtually stagnant compared with the water moving in the frac-
tures. The existence of an interconnected system of microfractures in granitic rock has
been verified by experiments both in the laboratory /Skagius and Neretnieks, 1985;
Skagius, 1986/ and in the field /Birgersson and Neretnieks 1988/. In water with low
ionic strength, anions have lower diffusion into the matrix than equivalent uncharged
particles with otherwise identical properties. This is due to an ion exclusion effect,
where the negatively charged anions are repelled from the negatively charged pore
surfaces and thus have a smaller effective volume disposable for diffusion /Ohlsson and
Neretnieks, 1997/. In the case of cations that undergo ion exchange, this diffusion can
be reinforced by a phenomenon called surface sorption. In this case the radionuclides
also diffuse in the sorbed solid phase /e.g. Skagius, 1986/.

For many nuclides, transport through the rock will be strongly restricted by sorption on
the fracture surfaces in the rock (see sorption above). Matrix diffusion further increases
the available surface area for sorption by exposing the surfaces of the microfractures to
the radionuclides. The transport of weakly sorbing and non-sorbing radionuclides will
also be retarded by matrix diffusion to some extent. In the stagnant water in the rock
matrix, transport is only possible by means of diffusion and is therefore very slow.
When the concentration of the nuclides in the water-conducting fractures becomes
lower than in the matrix, they diffuse back from the matrix to these water-conducting
fractures. Thus, matrix diffusion is not an irreversible process, but merely a retardation
mechanism.

Besides by the diffusion and sorption properties of the matrix, the importance of matrix
diffusion for radionuclide transport is also determined by the geometry of the fractures
and the magnitude of the flow (the advective velocity) in the fractures. At high advective
velocities, the transport-retarding effect of matrix diffusion decreases; the diffusive
timescale for transport into the matrix becomes longer in relation to the timescale for
advective transport. In a similar manner, the transport-retarding effect of matrix diffu-
sion increases at lower advective velocities, which can be achieved for example when a
given total flow is distributed over larger fracture surfaces. For this given total flow, the
contact surface area (flow-wetted surface area) between radionuclides in aqueous solu-
tion and rock has increased at the same time as the advective velocity has decreased.

With the assumption of a simplified flow geometry, for example flow through rectangu-
lar channels, the controlling groups of parameters for matrix diffusion can be expressed
as the flow-wetted surface area divided by the flow through the channel plus a group of
parameters including the Kd value, the diffusion coefficient and the porosity. The flow-
wetted surface area divided by the water flow is a critical parameter here for sorbing
nuclides and is of great importance for the resulting mass flow of nuclides in the mobile
groundwater.

For a more detailed discussion of this subject, the reader is referred to /Neretnieks
1980; Elert et al, 1992; Olsson et al, 1994; Moreno et al, 1995; Elert, 1997/.

Model studies/experimental studies

The group of parameters that control the sorption capacity can be determined relatively
simply in the laboratory. Diffusion coefficients are primarily determined with diffusion
cells. A compilation of values for use in SR 97 has recently been done /Ohlsson and
Neretnieks 1997/. Determination of Kd values is discussed above in the section on
sorption.
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Different methods have been proposed for estimating the flow-wetted surface area, for
example tracer tests, tunnel observations, measurements in boreholes, geochemical
studies and numerical experiments. The different methods yield a wide range of varia-
tion in the estimated values, often between two and three orders of magnitude /Elert,
1997/. This is in part dependent on the method in question and in part on different
properties in the rock. Furthermore, it is the ratio between the flow-wetted surface area
and the flow along transport pathways that is of interest for retention, not the flow-
wetted surface area in itself. This further complicates measurements in the field.

Time perspective

Matrix diffusion is a slow process. It is primarily the combination of matrix diffusion
and sorption that gives the geosphere its retarding capacity. Even with advective travel
times of a few tens of or hundred years for transport from the repository to the recipi-
ent, most radionuclides arrive retarded by several orders of magnitude in relation to the
advective travel time.

Natural analogues

Fracture surfaces can be reddened as a result of hydrothermal changes /Elert, 1997/.
This reddening could be used as an indication of the contact surface area (flow-wetted
surface area) between flowing water and rock. The problem is that this reddening took
place a long time ago under conditions of which we have no knowledge today, among
other things the boundary conditions for the water flow are unknown. Since the contact
surface are is highly dependent on the flow situation, extrapolating reddening results to
today’s flow-wetted surface areas is associated with great uncertainties. Further, as previ-
ously mentioned it is the ratio of the flow-wetted surface area and the flow that controls
retention; it is not enough just to know the flow-wetted surface area under previous,
perhaps different flow conditions.

Natural analogues in the form of geological formations with elevated natural radioactiv-
ity can be used to verify matrix diffusion as a process that took place over long
timespans. Analogues of this type – found for example at Palmottu in Finland, Alligator
Rivers in Australia and Cigar Lake in Canada – offer an opportunity to achieve better
process understanding /Miller et al, 1994/. By measuring concentration profiles in situ
and comparing with model simulations with relevant data, it is possible to get an idea of
the effects of matrix diffusion /Rasilainen, 1997/. Agreement between measured and
simulated profiles indicates that the matrix diffusion models used are realistic. Since the
applied models include sorption processes, it can be claimed that the analogue studies
also verify the fact that combined matrix diffusion and sorption are active processes in
situ.

Summary of uncertainties

Matrix diffusion is a process that is difficult to quantify and thereby burdened with
relatively great uncertainties. Even if it has been possible to demonstrate diffusion into
the rock material (matrix diffusion) in laboratory experiments, it is much more difficult
to show this under field conditions. However, the natural analogues offer evidence for
the fact that matrix diffusion takes place (see above). Further, the concept of flow-
wetted surface area (contact surface area, specific surface area, wet surface area, etc.) is
burdened with considerable conceptual uncertainties. The concept is obvious in a
geometrically simplified flow model, but the question is whether these models can
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realistically describe the effect of matrix diffusion under natural flow conditions. Fur-
ther development of the model concepts and the concept of flow-wetted surface area
itself is needed to answer this question satisfactorily.

Handling in the safety assessment

Base scenario: No radionuclide transport is expected in the base scenario. If the analy-
sis of the base scenario should nevertheless result in canister damages, radionuclide
transport is handled as in the canister defect scenario below.

Canister defect scenario: The model FARF31 is utilized in SR 97 /Norman and
Kjellbert, 1990/ to describe transport through the rock. The model solves the transport
equations along one-dimensional streamtubes (see “Advection and dispersion” above)
and is based on a double porosity description with advection-dispersion in the mobile
phase (flowing water) and diffusion in the immobile rock matrix. An exchange term
between the two media is included in the calculations. The penetration depth of radio-
nuclides in the matrix can be described in the model. If, for example, the fractures in
the rock are closely spaced, the extent of the matrix between the fractures is smaller.
In the matrix, the nuclides can also be subjected to sorption described with the Kd
concept.

Nuclide-specific diffusion coefficients /Ohlsson and Neretnieks, 1997/ and Kd values
/Carbol and Engkvist, 1997/ are utilized for FARF31 in SR 97. For the sorption values,
assessments of ion exclusion have been included, whereas surface sorption has not been
taken into account. The specific values used in SR 97 are discussed further in Andersson
/1999/.

As described above, the advective component of transport (i.e. transport pathway and
non-reactive travel time) is obtained from a groundwater flow model. In the continuum
models, no information is obtained on the flow-wetted surface area, inasmuch as the
medium is described by means of conductivity values rather than by means of an ex-
plicit geometry. In the channel network model, the flow-wetted surface area is included
in the actual model formulation and can be based directly on actual borehole measure-
ments. In the discrete fracture models, the contact surface area between flowing water
and rock can be calculated. Even though the result in this case is controlled by which
input data are used for fracture statistics, this method offers yet another means to verify
the concept and use of the flow-wetted surface area for use in the safety assessment. In
the safety assessments for fractured rock that have been carried out to date, values
within the range 0.01–1 m2/(m3 rock) have been utilized for the flow-wetted surface area
/Elert, 1997/.

The continuum model HYDRASTAR /Norman, 1992/ is mainly used in SR 97 for
description of groundwater flow. The transport pathways/streamtubes obtained from
HYDRASTAR and a span of values for the flow-wetted surface area based on estima-
tion of conductive fracture frequency are used in FARF31 /Andersson et al, 1998/.

Climate change and earthquake: The influence of these scenarios on groundwater
flow and transport is described in section 5.5.1. If there is a need for radionuclide
calculations, the same transport models are used as for the canister defect scenario, but
with flow paths, flow-wetted surface area and other relevant conditions representing the
relevant scenario.
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5.8.4 Colloid transport

General description

Colloid formation is described in section 5.7.8. Sorbing radionuclides could in principle
be transported more or less unretarded with the velocity of the water if they adhered
to colloidal particles in the groundwater /Laaksoharju et al, 1995b/. The colloids can
consist either of inorganic particles such as silicon, iron hydroxide and clay, or of or-
ganic particles such as bacteria. The median concentration of colloids in the ground-
water is less than 0.05 mg/l /Laaksoharju et al, 1995b/. If the uptake of radionuclides on
colloidal particles is reversible, this process will be manifested as a reduction of the Kd
value, where the reduction is inversely proportional to the concentration of colloids and
the sorption tendency on the colloids. This reduction is, however, negligible given the
maximum colloid concentrations in Swedish rock /Allard et al, 1991/.

If, on the other hand, the nuclide should adhere irreversibly, the situation may be an-
other one. In this case, the nuclide will be transported with the particle and at worst not
be delayed at all by sorption and/or matrix diffusion in the rock. However, calculations
show that the consequences in this case as well are of no importance for safety, due to
the fact that the natural concentration of colloids is so low. The evaluation is summa-
rized by Allard et al /1991/.

As far as colloids in deep groundwaters are concerned, the concentration of colloids
could theoretically increase in connection with the melting of a glacier following an ice
age. However, studies show that the low concentrations may persist even then, since the
expected dilution does not result in the low calcium concentrations that are required for
stable colloids to form /Laaksoharju et al, 1995b/.

In summary, it can be said that radionuclides in the groundwater can occur sorbed on
colloids, and that the possibility that a small fraction will be bound irreversibly to
mobile natural colloidal particles cannot be entirely excluded. However, the overall
consequence of this for the safety of the repository is negligible.

Model studies/experimental studies

Laboratory tests confirm that radionuclides can sorb on colloids and that the sorption
on these mineral colloids is largely reversible. The strength of the sorption is roughly
equivalent to the measured Kd for the corresponding minerals and nuclides /Christian-
sen-Sätmark, 1995/.

Time perspective

The same time perspective can be considered applicable as for advective transport.

Summary of uncertainties

The process of sorption on colloidal material is burdened with relatively great uncer-
tainties. These uncertainties concern whether the process is reversible or not, and what
actual concentrations of colloidal material are present in the groundwater. However, the
relevance of the process for the overall safety of the repository is of a subordinate
character, inasmuch as the concentrations of colloidal material that are required for the
process to make a difference never occur naturally in the groundwaters in question.
Consequently, these uncertainties are not problematical from the perspective of the
safety assessment.

17 19-1476
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Handling in the safety assessment

For the reasons given above, SKB has not found reason to develop a special transport
model for this mechanism.

5.8.5 Speciation

General description

The chemical conditions in the water (pH, redox conditions, etc.) determine what
speciation (chemical form) the radionuclides will have. This speciation mainly influ-
ences the sorption properties dealt with above under “Sorption”.

5.8.6 Transport in gas phase

General description

The flow of gas in the geosphere is described in section 4.5.3. How radionuclides can
be transported with a gas phase is described below.

At the pressure prevailing in a deep repository, some radionuclides that would exist in
gaseous form under atmospheric pressure will be dissolved in the aqueous phase. These
nuclides are then transported as solutes whose transport has been described above. The
following treatment applies solely to radionuclides that can exist in gaseous form at the
relevant pressures.

The groundwater down at repository level contains dissolved gases, e.g. nitrogen and
helium. A gas phase can form if the sum of the partial pressures of all constituent
substances in the water exceeds the water pressure. This gas phase contains the indi-
vidual substances in proportion to their individual partial pressures and solubilities. The
natural concentrations of dissolved gases are, however, so low that they are not sufficient
to form a gas phase at the water pressure prevailing at the depths in question /SKB 91,
1992/.

Higher gas concentrations could arise locally at a canister if it is so damaged that water
has entered up to the cast iron insert. Hydrogen gas is generated by oxygen-free corro-
sion of iron, and in this case the water could become supersaturated with dissolved gas
so that bubbles are formed, i.e. the sum of the partial pressures exceeds the water pres-
sure. Since gas bubbles are lighter than water, they strive upward towards the biosphere.
Only radionuclides that can exist in the gas phase can be transported directly with the
bubbles. This applies only to a few nuclides. The gas’s content of these nuclides is
controlled by the partial pressures and solubilities of the nuclides.

Colloidal particles can also be transported with gas bubbles /Wan and Wilson, 1994a/.
The concentration of colloids in deep groundwaters is low and of no importance in
this context, but experiments show that bentonite particles can also accompany gas
bubbles /Wan and Wilson, 1994b/. If this is correct, it means that bentonite particles,
including contaminated bentonite particles, could accompany gas bubbles. There is thus
a possibility of indirect transport of radionuclides with gas bubbles from a damaged
canister.
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Model studies/experimental studies

No model or experimental studies have been conducted on transport of radionuclides
with a separate gas phase. This is justified mainly by the way in which the process is
dealt with in the safety assessment (see below).

A model study has been carried out to ascertain the importance of radionuclide trans-
port with gas and particles /Neretnieks and Ernstson, 1997/. In the study it was assumed
that all gas from a damaged canister is released in the form of small bubbles covered
with montmorillonite particles from the bentonite buffer. The clay was further assumed
to have sorbed radionuclides from the leaching of the fuel. The particles were assumed
to remain irreversibly bound to the bubbles, while all gas was assumed to reach the
ground surface. The actinides remained irreversibly bound to the clay particles, while
caesium and strontium desorbed from the bentonite clay and underwent matrix diffu-
sion combined with sorption during transport through the rock. The results of the
calculations showed that the releases to the biosphere were very limited for all nuclides
even with these very pessimistic assumptions.

Time perspective

The transport of gas bubbles through the geosphere can be much faster than advective
transport.

Summary of uncertainties

The process for transport of gaseous nuclides in gas bubbles is well understood. By
contrast, sorption of colloids on gas bubbles is burdened with considerable uncertain-
ties. However, this process is of subordinate importance for overall safety.

Handling in the safety assessment

Base scenario: No radionuclide transport is expected in the base scenario. If the analy-
sis of the base scenario should nevertheless result in canister damages, radionuclide
transport is handled as in the canister defect scenario below.

Canister defect scenario: In the safety assessment, transport in the gas phase is treated
pessimistically as a short circuit of the repository with the biosphere, i.e. transport
through the geosphere is neglected /SKB, 1995/.

Transport via colloidal material that is transported with gas bubbles is not taken into
account in the safety assessment. This is based on the model studies described above.

If necessary, transport in the gas phase can be treated in a similar manner for other
scenarios.

5.8.7 Radioactive decay

General description

The radionuclides undergo decay during their transport through the geosphere. The
ratio of the nuclides’ half-lives to the total travel time (i.e. the result of both advective
transport and matrix diffusion and sorption) determines how large a fraction of the
nuclide content reaches the biosphere. Radioactive decay is discussed in section 2.3.1.
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Summary of uncertainties

The half-lives of the nuclides are known with great certainty.

Handling in the safety assessment

Base scenario: No radionuclide transport is expected in the base scenario. If the analy-
sis of the base scenario should nevertheless result in canister damages, radionuclide
transport is handled as in the canister defect scenario below.

Canister defect scenario: The transport code FARF31 /Norman and Kjellbert, 1990/
handles both chain decay and decay for individual nuclides.
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