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1 INTRODUCTION

Finland currently has two nuclear power plants at two sites: Olkiluoto, owned by
Teollisuuden Voima Oy (TVO), and Loviisa, owned by Imatran Voima Oy (IVO). The four
plants at these sites together generate around one third of the electricity consumed in
Finland and generate some 70 tonnes of spent nuclear fuel per year. The Finnish spent fuel
disposal concept envisages burial of the spent fuel in a repository excavated at a depth of
around 500 m in crystalline bedrock.

In 1983, TVO instigated a three-phase programme to select a potential deep geological
disposal site for spent fuel in Finland:

Phase I (1983-1986): Screening studies to evaluate the whole country in terms of
defining suitable areas for preliminary field investigations.

Phase II (1987-1992): Preliminary site investigations in five areas in order to select
several of the areas for more detailed analysis.

Phase III (1993-2000): More detailed investigation at three of the five areas from Phase II,
with the aim of identifying a potentially suitable repository site for
further more detailed characterization at depth.

Kivetty, Romuvaara, and Olkiluoto were the three candidate sites selected by TVO for
detailed characterisation under Phase III (TVO 1992).

In 1994, an amendment to the Nuclear Energy Act by the Finnish government came into
effect. This amendment specified that nuclear waste generated in Finland must be disposed
of in Finland. This essentially prevented the return of spent fuel from the Loviisa nuclear
power plant back to the Russian fuel supplier. Therefore, as owners of Loviisa, IVO
became involved in the search for a site for a spent fuel repository in Finland. In 1996, TVO
and IVO established a joint company, Posiva, to manage the Finnish spent fuel disposal
programme. The island of Hastholmen, where the Loviisa nuclear power plant is located,
was subsequently added to the list of candidate sites for more detailed investigation under
Phase in.

Each of the phases of site investigation has been supported by a major performance
assessment (PA) exercise. Phase m has divided into two parts, and an interim assessment,
TILA-96 (Vieno & Nordman 1996), has already been performed under the first part of
Phase III.

The aim of this report is to describe the normal evolution of a repository system at the four
candidate Finnish sites, as input to development of the second Phase III PA, known as
TILA-99. In developing the description of the normal evolution of a Finnish disposal
system, the following hierarchy in terms of level of detail has been adopted:
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(i) Description and inter-relation of the key features, events and processes (FEPs)
controlling behaviour and evolution of the disposal system. It is assumed that all the
canisters are intact following emplacement and repository closure.

(ii) Brief description of FEPs that occur but which do not significantly affect system
behaviour and evolution.

(iii) Mention of FEPs with a low probability of occurrence as appropriate.

Other objectives of this report are to draw out any notable differences between the four
candidate sites in terms of their expected normal evolution and to provide a map to key
Finnish reports and other work that underlies and supports the description of normal
evolution.

This report does not consider the influence of human activities on the normal evolution of
the disposal system. Humans are unlikely to inadvertently intrude into the repository via
deep drilling or mining because the candidate sites have no special features or resources
(other than the potential presence of the waste itself) with respect to the rest of the
crystalline bedrock of Finland. Although future human activities are highly uncertain, those
activities that are currently occurring in the vicinity of the candidate sites, such as farming,
quarrying, groundwater exploitation, and nuclear energy production, will not affect the
normal evolution of the disposal system that is described here. Furthermore, institutional
controls, such as repository monitoring activities, will be conducted in such a way so as not
to affect disposal system behaviour.

This report is structured to first give a brief outline of the Finnish disposal concept and a
summary of the geology, hydrogeology, and geochemistry of the four candidate sites at the
present day (Section 2). The description of the normal evolution of the candidate sites is
divided into two parts. First, a description is given of the evolving climatic and geologic
conditions at the candidate sites (Section 3). This provides the background to a subsequent
discussion of the evolving conditions in the engineered repository system itself, termed the
near-field (Section 4). These two descriptions are then drawn together in the final section
of the report, where summaries of the evolution of the entire disposal system (site and
engineered repository) between different points in time are provided (Section 5).
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2 DISPOSAL CONCEPT AND SITE DESCRIPTIONS

2.1 Disposal Concept

The Finnish repository design is based on the Swedish KBS-3 design (Figure 2.1; SKB
1983; Vieno & Nordman 1996).

4400

7800

Crushed rock / bentonite

Compacted
bentonite blocks

Canister

1750-**

Figure 2.1 Cross-section through a gallery and deposition hole showing the disposal
concept for the copper-iron canisters containing spent fuel assemblies. Modified from
Vieno & Nordman (1996).

Spent fuel assemblies will be packaged in canisters with a copper outer-canister or overpack
and a massive cast iron insert, in which there are twelve holes where the spent fuel
assemblies are placed. Once filled and sealed, the copper-iron canisters will be emplaced
individually in vertical boreholes in the floors of horizontal deposition tunnels feeding off
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central tunnels. The space between the canisters and the wall of the borehole will be filled
with compacted bentonite. The tunnels and shafts will be backfilled with a mixture of
crushed rock and bentonite, and sealing plugs will be emplaced to block specific transport
pathways for groundwater. The repository layout of tunnels will be optimised to utilise
unfractured bedrock. This optimisation will be a continual process throughout the
construction of the repository.

The waste package, canister, and repository design must meet several performance criteria
(Raiko & Salo 1996):

• The corrosion lifetime of the outer-canister in the expected repository conditions
must be at least 100,000 years.

• The bum-up of a fuel assembly can be 50 MWd/kgU and the minimum cooling time
for the fuel before encapsulation in the canister is 20 years.

• The maximum dose rate on the outer surface of the canister must be less than 500
mSv/h. This reduces radiolysis of groundwater outside the canister to insignificant
levels (Christensen & Bjergbakke 1982).

• The waste package must remain subcritical, even if the void inside the canister
becomes filled with water.

• The peak temperature at the canister-bentonite interface must be less than 100°C.
This ensures long-term chemical stability of the bentonite (SKB 1995a). The design
spacing between boreholes and between tunnels is set so that the thermal load for
the repository as a whole meets this criterion (Raiko 1996).

• The canister must be able to withstand the load caused by a hydrostatic pressure of
7 MPa (at a depth of 700 metres) and a swelling pressure exerted by the bentonite
of 10 MPa.

• The canister must also be able to withstand uneven distribution of the bentonite
swelling pressure and an additional hydrostatic load caused by 3 kilometres of ice
during a glaciation.

• The copper outer-canister must be able to withstand handling and operational loads.
The gap between the copper outer-canister and iron insert must be limited so that
plastic or creep strain in the copper outer-canister is less than 5% in the case where
it is pressed against the insert.

Characteristics of the spent fuel and further details on the dimensions and properties of the
engineered repository components are given in Vieno & Nordman (1996).
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2.2 Site Descriptions

Four candidate sites in Finland at Kivetty, Romuvaara, Olkiluoto, and Hastholmen are
currently under evaluation for the location of the repository for spent fuel (Figure 2.2). The
key features of each site are summarised in this section.

OLKILUOTO
HASTHOLMEN

ROMUVAARA n

•V 1

500 km
i i i i i i

Figure 2.2 Location of the four candidate sites for a spent fuel repository in Finland.

The characteristics of Kivetty, Romuvaara, and Olkiluoto, the three candidate sites
investigated through the TVO site selection programme, are documented in a series of
principal reports for each site (Table 2.1) and the details in this section are taken from these
reports. Reports from the later investigations at the Hastholmen site are only just becoming
available. However, investigations of the upper bedrock at Hastholmen were also carried
out and reported on for planning and construction of a repository for low-level and
intermediate-level waste from the Loviisa nuclear power plants located at this site (Table
2.1). Details for the Hastholmen site are largely taken from Snellman et al. (1998).
Groundwater flow analyses are in the process of being updated in support of TILA-99.
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Table 2.1 Documentary sources of information used in this report for the four candidate
sites for spent fuel disposal in Finland.

Geology &
Geophysics

Bedrock Model

Petrology

Geochemistry

Groundwater
Flow Analysis

Kivetty

Anttilaetal. 1992a
Heikkinen et al.

1992a

Front &

Paananen 1996

Saksaetal. 1993a
Saksaetal. 1996a
Saksa et al. 1998

Gehoretal. 1995

Gehoretal. 1996a

Pitkanen et al. 1992a

Pitkanen et al. 1998a
Ruotsalainen &
Snellman 1996

Taivassalo &

M&zaros 1994

Romuvaara

Anttilaetal. 1990
Saksaetal. 1991

Okko&
Paulamaki 1996

Saksaetal. 1992
Saksaetal. 1996b
Saksaetal. 1998

Gehoretal. 1996b

Lampe"n&

Snellman 1993
Pitkanen et al. 1996a

Ruotsalainen &
Snellman 1996

Taivassalo &
Koskinen 1992

Olkiluoto

Anttilaetal. 1992b
Heikkinen et al.

1992b

Anttila 1996

Saksaetal. 1993b
Saksaetal. 1996c

Saksaetal. 1998

Gehoretal. 1996c

Pitkanen et al. 1992b
Pitkanen et al. 1996b
Pitkanen et al. 1998b

Ruotsalainen &
Snellman 1996

Koskinen 1992
Lofman 1996a

Hastholmen

Anttila 1988

Kuivamaki et al.

1996

Okkoetal. 1998

Gehoretal. 1997a,b

Gehdretal. 1998

Snellman &

Helenius 1992
Snellman et al.

1998

In preparation

The history of the four candidate sites since the last ice age is briefly described below in
Section 2.2.1. This is followed in Sections 2.2.2 to 2.2.5 by a description of the
geographical, geological, hydrogeological, and hydrochemical characteristics of each site.
Considerably more detail is given for the hydrochemistry at the sites compared to the other
characteristics. This is because the chemistry of the groundwaters and the current
hydrochemical processes are particularly important to the discussion in Section 4 of the
normal evolution of the repository near-field at each site. Conversely, the normal evolution
described in Sections 3 and 4 is not sensitive to the variations in geology and hydrogeology
between the four sites.

2.2.1 Post-Glacial Site History

The past 2 million years has been characterised by a series of cold periods (glacials) during
which large ice-sheets have extended over Finland and northern Europe, interspersed with
warmer periods (interglacials) during which the ice-sheets have retreated to high latitudes,
as at the present day. By about 10,500 years before present (BP), the most recent glacial
period had ended, the ice-sheet had started to retreat, and the ice margin was across
southern Finland (Figure 2.3; Eronen et al. 1995). Hastholmen was the only site free of ice
at this time, and it was initially submerged beneath a freshwater lake formed from glacial
meltwater. Further retreat of the ice opened a connection to the North Sea, draining the
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freshwater lake and resulting in the formation of the Yoldia Sea at about 10,000 BP.
Hastholmen and Olkiluoto were submerged by up to 100 m beneath this sea. Isostatic
rebound resulting from further ice retreat closed the marine connection to the North Sea
between 10,000 and 9,000 BP. The Yoldia Sea became diluted and gradually a second
period of freshwater conditions (Ancylus Lake) ensued. Both Kivetty and Romuvaara
became free of ice during this time. Neither site was inundated, although Kivetty was on
a large island. The final phase of the post-glacial evolution was establishment of a different
marine connection to the south and the formation of the Litorina Sea at about 7,500 BP.
This sea was some 10% more saline than the present-day Baltic. Romuvaara remained
above sea-level, the island of Kivetty became part of the main land mass, and Hastholmen
and Olkiluoto remained submerged in water depths of 30-50 m. At about 4,000 BP,
Hastholmen emerged above sea-level. Between 3,000 and 2,500 BP, Olkiluoto emerged
above sea-level (Eronen et al. 1995; Eronen & Lehtinen 1996).

BALTIC ICE LAKE
10,300 BP
^°° ISOBASES roajlHHH

t LANO r3-yi

I i SALINE WATER I^H

p ^ fRESH WATER y^jlt

m ICE

S5SS5K YOLDIA STAGE
10.000 BP

9300-9200 8P
LITORINA SEA
7500-7000 BP

Figure 2.3 The main stages in the development of the Baltic Sea. From Eronen et al.
(1995).



16

2.2.2 Kivetty

The Kivetty site occupies an area of around 6 km2 and is situated in the municipality of
Aanekoski in Central Finland. To date, 11 boreholes (KI-KR1 to KI-KR11) have been
drilled at the site. The Kivetty region is fairly hilly, with elevations varying between 154 and
219m above sea-level. The site lies within the orogenic granitoid complex of Central
Finland and the bedrock is comprised mainly of plutonic granodiorites and granites, with
minor gabbro intrusions and mafic and felsic dykes (Anttila et al. 1992a). On the basis of
petrography and geochemistry, three main granitoid rock-types are distinguished:
granodiorite, red potassium granite, and mylonitic (sheared) granite (Gehor et al. 1996a).
Nine different fracture mineral assemblages have been recognised (Gehdr et al. 1995,
1996a). Common fracture minerals are calcite, iron sulphides, iron oxyhydroxides, clay
minerals and, sometimes, iron oxides. Iron oxyhydroxides are generally found at depths
above 170 m, while calcite is usually found below depths of 50-100 m.

The bedrock model of Kivetty includes 29 fracture zones or structures (Saksa et al. 1996a,
1998). Most of the bedrock is unfractured, with 97% of the drill cores showing solid rock.
Fractures are more abundant in the upper 200 m and hydraulic conductivity is also higher
(Ahokas et al. 1996). Measured transmissivities of the bedrock structures range from
lO^mVs at a depth of around 100 m down to 10'8 m2/s at a depth of around 800 m (Saksa
et al. 1993a).

All of the groundwaters sampled at Kivetty are fresh with the total dissolved solids (TDS)
concentration showing a general trend of increasing slowly with depth. The maximum
measured TDS concentration at Kivetty is 222 mg/1 at a depth of 830 m (Ruotsalainen &
Snellman 1996; NB: depth is equivalent to borehole length for the chemistry data). The
waters tend to change from Ca-Mg-HCO3-dominated to Na-Ca-HCQ -dominated with
depth as a result of cation exchange reactions with the rock and calcite and silicate (mainly
plagioclase) hydrolysis. However, salinity remains at low levels at all depths, even in
samples showing longer residence times (see below). The pH values range between 6.2 and
8.8, with a median value of 8.1. The low carbonate contents of the groundwaters allow the
pH to increase to values above 8 before calcite becomes saturated. Subsequent precipitation
of calcite promotes further plagioclase hydrolysis. Redox measurements suggest reducing
conditions (median Eh = -38 mV), with weathering of biotite and oxidation of organic
carbon being important consumers of oxygen at shallow depths (Pitkanen et al. 1998a). At
greater depths, sulphate reduction is suggested by pyrite coatings on calcite in fractures.
The maximum measured sulphide concentration is 0.25 mg/1 at a depth of 500 m
(Ruotsalainen & Snellman 1996). Concentrations of other redox species, such as Fe2+ and
methane, are low.

Bromide measurements are close to the detection limit, but Br/Cl ratios are high and do not
suggest a marine influence in the groundwaters. Stable isotope signatures confirm a
meteoric origin for all the waters and indicate colder infiltration conditions for the deeper
waters. Modelling of the 14C isotopic data coupled with mass balance calculations suggest
residence times ranging from recent recharge to about 9,700 BP, when the ice-sheet
retreated from the site (Pitkanen et al. 1998a). Older I4C ages of 15,000 BP represent a
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deep, slightly saline pre-glacial water mixed with a contribution of around 20% of glacial
meltwater from the retreating ice-sheet.

2.2.3 Romuvaara

The Romuvaara site occupies an area of around 7 km2 and is situated in the commune of
Kuhmo in the north-east of Finland. To date, 11 boreholes (RO-KR1 to RO-KR11) have
been drilled at the site. The Romuvaara site is on a hill, with the maximum elevation being
227 m above sea-level. The site lies in the Archean gneiss complex of Eastern Finland, and
the bedrock consists mostly of banded and migmatitic gneisses, also called tonalite gneisses.
As with Kivetty, on the basis of petrography and geochemistry, three principal rock-types
have been distinguished: palaeosomes of migmatitic gneiss, palaeosomes of leucotonalite
gneiss, and cross-cutting leucocratic and mafic dykes. Twelve different fracture mineral
assemblages have been recognised (Gehor et al. 1996b). Common fracture minerals are
calcite, iron sulphides, iron oxyhydroxides, and clay minerals. The calcite-iron
oxyhydroxide-clay assemblage is the most abundant. Calcite is only rarely found above
depths of 80-150 m.

The 1996 bedrock model of Romuvaara included 28 significant fracture zones or structures
(Saksa et al. 1996b). Three new structures have recently been added to the model (Saksa
et al. 1998). As with Kivetty, fractures are more abundant in the upper 200 m and the
hydraulic conductivity of this zone is also higher (Ahokas et al. 1996). Measured
transmissivities of the bedrock structures range from lO^mVs at a depth of around 150 m
to 10~10 m2/s (the lower limit of the measurement range) at a depth of around 850 m (Saksa
et al. 1992). Hydro geologically, Romuvaara lies in a recharge area.

All of the groundwaters sampled at Romuvaara are fresh with the TDS showing a general
trend of increasing slowly with depth. The median TDS concentration is 141 mg/1, and the
maximum measured TDS concentration at Romuvaara is 267 mg/1 at the bottom of borehole
RO-KR3 (around 500 m; Pitkanen et al. 1996a). The waters tend to change from Ca-Mg-
HCO3-dominated to Na-Ca-Cl-dominated or Na-Cl-dominated with depth as a result of
water-rock reaction and ion-exchange. Bicarbonate concentrations increase in the upper
part of the bedrock and then begin to decrease reflecting calcite dissolution and
precipitation, respectively. The range of ionic concentrations seen at Romuvaara is larger
than at Kivetty. The pH values of the Romuvaara groundwaters tends to increase with
increasing Cl concentration changing from neutral to alkaline and reflecting water-rock
interaction. The pH values in the groundwaters sampled from the boreholes range from 7.0
to 10.3 (Pitkanen et al. 1996a), with the highest pH values being observed in sections with
mafic dykes. Redox measurements at Romuvaara suggest reducing conditions at depth
(median Eh = -150 mV; Ruotsalainen & Snellman 1996). Over a long residence time,
microbial reduction of sulphate and simultaneous oxidation of organic carbon are considered
to buffer the Eh to below -200 mV. Pyrite is commonly observed as fracture coatings, and
the maximum observed sulphide concentration is 2.8 mg/1 (in RO-KR5 at 195 m; Pitkanen
et al. 1996a). Methane has been detected in some of the groundwater samples.

High Br/Cl ratios indicate that the increased salinity with depth reflects water-rock reaction
and, potentially, a hydrothermal origin for Cl rather than a marine influence. Nearly all the
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water samples from Romuvaara contain measurable tritium, indicating varying degrees of
mixing with recent water. 14C isotopic data suggest residence times ranging from recent
recharge to 10,000 BP, when the ice-sheet retreated from the site (Pitkanen et al. 1996a).
There is a clear relationship between I4C age and hydraulic conductivity of the rock mass.
Despite the oldest groundwater ages approaching the time of melting of the ice cover, there
is no indication from stable isotopes of cold water recharge in the past. It may be possible
that, because the site lay above sea level after the retreat of the ice, the infiltration of
significant amounts of meltwater was prevented.

2.2.4 Olkiluoto

The Olkiluoto site occupies an area of around 7 km2 and is situated in the municipality of
Eurajoki on an island in the Baltic Sea off the west coast of Finland. To date, 11 boreholes
(OL-KR1 to OL-KR11) have been drilled at the site. The mean elevation of the Olkiluoto
site is about 5 m above sea-level (maximum = 18 m). The site lies on the western border
of the migmatite belt of Southern Finland, and the bedrock consists of volcanic schists and
sheared or migmatised granitoids. The principal identified rock-types are migmatitic and
veined mica gneisses, quartzitic gneisses, tuffaceous mafic schists, gneissose granodiorites,
medium-grained granites and leucocratic pegmatites. Seven different fracture mineral
assemblages have been identified (Gehor et al. 1996c). Common fracture minerals are
calcite, iron sulphides, and clay minerals. The calcites have at least two different
crystallisation generations, typically 1-3 mm in thickness. Pyrite is found as idiomorphic
grains and thin coatings at all depths.

The 1996 bedrock model of Olkiluoto included 29 significant fracture zones (Saksa et al.
1996c). A thirtieth structure has recently been added to the model (Saksa et al. 1998). As
with the other candidate sites, fractures are more abundant in the upper 200 m and the
hydraulic conductivity of this zone is also higher. Measured transmissivities of the bedrock
structures range from 10^ m2/s at a depth of 100 m to 10"10 m2/s (limit of the measurement
techniques) at depths below 600 m (Saksa et al. 1993b).

The groundwaters sampled at Olkiluoto vary between fresh (TDS < 1,000 mg/1), brackish
(TDS = 1,000 to 10,000 mg/1), and saline (TDS = 10,000 to 100,000 mg/1). For data
gathered prior to 1996, the median TDS concentration was 6,616 mg/1, and the maximum
recorded TDS concentration was 23,848 mg/1 at a depth of 618 m (Ruotsalainen &
Snellman 1996). In 1997, a much more saline groundwater (TDS = 69,126 mg/1) was found
at a depth of 861-866 m in borehole OL-KR4 (Pitkanen et al. 1998b). There is a clear
tendency for the TDS to increase with depth in all the boreholes. The waters tend to change
from Na-Cl-HCO3-dominated to Na-Cl-dominated and Na-Ca-Cl-dominated with depth as
a result of mixing with present-day and relict seawater and through water-rock reaction.
Four main compositional groundwater layers, comprised of mixtures of five end-member
water types, have been identified, reflecting different recharge signatures over the last
10,000 years and the potential influence of a deep source of hydrothermal salts (Table 2.2).
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Table 2.2 The main water types at Olkiluoto and Hdstholmen, their interpreted origin, and
their estimated age since recharge. Adapted from Pitkdnen et al. (1996b) and Snellman
et al (1998).

Water Type

HCO3-rich, fresh

to slightly-brackish
water

SO4-rich, brackish

Na-Cl water

Brackish Na-Cl

water

Saline Na-Ca-Cl
water

Origin of
Dominant Water

End-Members

Rainwater and present-

day Baltic Seawater

Litorina Seawater

Pre-Iitorina
groundwater containing

glacial meltwater

Preglacial meteoric

water, possibly
influenced by

hydrothermal salts

Depth of
Occurrence at

Olkiluoto
(m)

<150

100-300

100 - 500

>500

Depth of
Occurrence at
Hastholmen

(m)

<50- 100

100-400

400 - 600

> 500 - 600

Age Estimate
of Dominant
End-Member

(yreBP)

0 - 2,500

(Olkiluoto)

0 - 4,000
(Hastholmen)

2,500 - 7,500

(Olkiluoto)
4,000 - 7,500

(Hastholmen)

7,500 - 10,000

» 10,000

Calcite becomes saturated at shallow depths in the waters at Olkiluoto, and bicarbonate
concentrations decrease rapidly through calcite precipitation. The pH values increase with
depth and seem to be controlled by thermodynamic equilibrium with calcite. The range of
pH values in the deep borehole groundwaters is narrow, from 7.3 to 9.0 (Pitkanen et al.
1998b). Redox measurements at Olkiluoto suggest reducing conditions at depth (median
Eh = -178 mV), and all the saline waters at Olkiluoto below a depth of 450-500 m are
reducing. Microbial reduction of sulphate and simultaneous oxidation of organic carbon
control the Eh conditions in the fresh and brackish waters (Pitkanen et al. 1996b, 1998b).
As a consequence of this process, pyrite precipitates in the presence of Fe2+ and is
commonly observed as fracture coatings. The maximum observed sulphide concentration
is 3.1 mg/1 in borehole OL-KR5 (Pitkanen et al. 1998b). In the brackish groundwaters,
sulphate concentrations increase towards current seawater concentrations, reaching a
maximum (up to 523 mg/1) at a depth of around 200-250 m. Pitkanen et al. (1996b) have
correlated this peak in sulphate with old infiltration from the Litorina Sea, which was more
saline than the current Baltic. In the saline waters, sulphate concentrations then decrease
by around two orders of magnitude. Methane contents increase with decreasing sulphate,
and reach a maximum concentration of 990 ml/1 in the most saline groundwater (Pitkanen
et al. 1998b), compared with the ul/1 levels observed at Romuvaara and Kivetty. Methane
is the dominant redox-controlling species in the deep groundwaters at Olkiluoto. Isotopic
analysis suggests a deep thermogenic origin for the methane (Pitkanen et al. 1996b).
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Br/Cl ratios above those of the present-day Baltic indicate water-rock reaction and a
hydrothermal saline component (Pitkanen et al. 1996b). The stable isotope signatures from
the brackish groundwaters plot on a mixing line from present-day Baltic Seawater to glacial
meltwater. Mixing between compositional layers in the groundwater system may have been
promoted by crustal uplift since the last glaciation. The deeper saline groundwaters have
enriched stable isotope signatures, suggesting recharge during the warmer climatic periods
preceding the last ice age. Many of the water samples from Olkiluoto contain no measurable
tritium, indicating no mixing with recent water. I4C isotopic data suggest residence times
ranging from recent recharge to pre-glacial waters ( » 10,000 BP). The Br/Cl ratios, stable
isotope data and I4C data all suggest that the deep saline water has not been diluted by any
post-glacial waters (Pitkanen et al. 1998b).

2.2.5 Hastholmen

The Hastholmen site lies on an island off the southern coast of Finland. To date, as part of
the recent phase of site investigation by Posiva Oy, five deep boreholes (HH-KR1 to HH-
KR5) have been drilled at the site. The Hastholmen island is flat and the highest elevation
of the site is 16 m above sea-level. The site lies on the western edge of the Wiborg rapakivi
granite massif. The rapakivi granites are typically rich in silica, potassium and fluoride, with
high Fe/Mg ratios. Fracture minerals include calcite and dolomite, iron oxyhydroxides, clay
minerals and chlorite, with less common fluorite and iron sulphides (Gehor et al. 1997a,
1997b, 1998). Calcite and dolomite are common at all depths with the exception of the
interval between 300 and 420 m in boreholes HH-KR1 and HH-KR3, where the rock mass
is less fractured.

Several fracture zones in the upper part of the bedrock, including two major fracture zones
(Rl and R3), were identified in boreholes at Hastholmen during the site investigations for
the low-level and intermediate-level waste repository. Both Rl and R3 strike NW-SE and
dip gently to the east. Measured hydraulic conductivities for Rl and R3 range from 10'7 to
10"4 m/s (Snellman et al. 1998).

The groundwaters sampled at Hastholmen are similar in composition and distribution to
those observed at Olkiluoto (Table 2.2; Snellman et al. 1998). However, the depths of
transition between the main water types are slightly different between the two sites. The
highest TDS measured to-date at Hastholmen is around 32,000 mg/1 at a depth of around
882-890 m in borehole HH-KR4. The chemical conditions in the upper part of the bedrock
are controlled by calcite dissolution/precipitation. The pH increases quickly with depth to
values between 7 and 8 and waters become saturated with respect to calcite at depths of
only 20-30 m. The brackish waters have pH values between 6.9 and 8, and tend to show
a slight decrease of pH with depth to the saline waters with a pH between 7 and 7.5. Cation
concentrations and the Br/Cl ratio generally show a trend of mixing between seawater and
meteoric water. However, Br/Cl ratios are elevated in some samples, suggesting an
additional source of salinity, and sulphate levels are below the seawater dilution line,
suggesting sulphate reduction. In the deep saline waters, increases in the Ca/Cl, Mg/Cl, and
K/Cl ratios suggest input of a saline water with elevated contents of these cations. Br/Cl
ratios are also elevated with respect to seawater, and are comparable to those at Olkiluoto.
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Redox conditions are generally reducing, with the brackish groundwaters having measured
Eh values varying from 0 to -280 mV and the deep saline groundwaters having values of -50
to -220 mV (Snellman et al. 1998). Sulphur isotope data and the presence of pyrite in
fractures indicate sulphate reduction. However, low levels of organic matter may limit the
reaction. Sulphide concentrations are low in all of the waters, and the SO4 concentration
only decreases slowly with depth. Reaction with Fe2+ minerals may also be an important
redox control in the groundwaters at Hastholmen. Methane levels are much lower than
those measured at Olkiluoto.

Stable isotope signatures are similar to those at Olkiluoto. The signatures of the brackish
waters indicate mixing between seawater and cold meteoric recharge water. Tritium
contents of all the brackish and saline groundwaters are low. 14C concentrations in the most
saline waters are also very low, suggesting a possible pre-glacial (i.e., » 10,000 years) age.
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3 NATURAL EVOLUTION

Section 2.2 of this report describes the current characteristics of the four candidate sites for
a deep repository for spent nuclear fuel in the shield rocks of Finland. This section of the
report presents those aspects of the normal evolution of the natural environment that may
exert an influence on these characteristics.

The two fundamental controls on the normal evolution of the candidate sites are climate and
the state of stress within the bedrock. The climate in any region is an important control,
together with hydraulic conductivity and other rock properties, on the hydrogeological
regime. The state of stress affects the hydrogeology through its control on fracture
properties, and also governs the way in which fractures will form in response to excavation.
Understanding future changes in climate and stress is therefore important to understanding
the normal evolution of the candidate sites, even if the extent of the changes do not
significantly affect the performance of the disposal system.

Changes in climate and changes in stress are linked because a major control on stress in
Finland is the periodic development of a regional-scale ice-sheet. Section 3.1, which
describes climate evolution, therefore provides a framework for the discussion in Section
3.2 on changes in stress. Section 3.3 summarises the influence of the normal evolution of
climate and stress on the normal evolution of the overall disposal system.

3.1 Climate Evolution

The Earth's climate is a complex, dynamic system whose fundamental driving force is the
radiation received from the Sun (insolation). Processes that take place within the
atmosphere, and interactions between the atmosphere and the land surface, oceans, rivers,
lakes, and glaciers, all serve to modify this system and produce both regional and localised
differences in climate. The complexity of the system is such that the precise effect of
changes and perturbations in any part of the system cannot be predicted. Observational
data, information from the geological record, and climate models can all be used, however,
to provide both an understanding of past climate and broad-scale predictions of future
climate.

The geological record provides information on the behaviour of a climate system that has
not been modified by human actions such as large-scale burning of fossil fuels and other
industrial processes. Climate models that explain the past climate can be used to predict
future changes and are useful over long time-scales when the influence of human activities
is unknown. On the other hand, the effects of human activities must be taken into account
in models of climate change that consider the next few thousand years. The following
description of the normal evolution of the climate therefore considers anthropogenic
(human-affected) and natural climate change separately.
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3.1.1 Anthropogenic climate change

Introduction

The principal activities of concern in considering the effects of human activities on climate
are the burning of fossil fuels and other industrial and agricultural processes. These increase
the proportion of so-called "greenhouse" gases (principally carbon dioxide and methane) in
the atmosphere, which climate models and a growing amount of observational data indicate
will lead to a rise in global temperatures. Because the temperature rises so far are small,
they are to a large extent masked by the normal temporal and spatial variations in climate
(Nicholls et al. 1995). The political and economic consequences of mitigating the effects
of industry and transport on the climate are significant and it is likely to be some years
before the effects of global warming are great enough to lead to significant changes in the
rates of emission. Because of the inherent hysteresis of the relationships between emissions,
atmospheric composition and global climate, any mitigating measures will take decades to
propagate through the atmosphere-hydrosphere-cryosphere system. The climate will return
to a pre-industrial state only if human influences are completely eliminated. More likely is
a return to levels of emissions that allow a new equilibrium to be established between the
natural climate system and human influences.

For the purpose of modelling climate change and the associated effects on the natural
environment and on society, the Intergovernmental Panel on Climate Change established a
series of scenarios (IS92a-f) describing a range of non-interventionist assumptions
concerning population growth and economic development (IPCC 1992). The IS92a
scenario lies in the middle of the range, adopting intermediate assumptions regarding future
emissions, and is used as the basis here for describing the normal evolution of the climate
in Finland.

Effects of greenhouse gases

The effect of increased concentrations of greenhouse gases is to increase the extent to which
the atmosphere is heated by long-wave radiation emitted from the earth's surface (radiative
forcing). This increase would be offset to some degree by the continuing increase in aerosol
concentrations. Aerosols have a direct effect by scattering incoming shortwave radiation,
thus reducing the warming of the surface and the emission of long-wave radiation, and an
indirect effect by affecting clouds and the way in which they absorb long-wave radiation
(Schimel et al. 1995). Climate models of various degrees of complexity have been used to
calculate changes in radiative forcing for the IPCC emission scenarios, and with additional
assumptions regarding the production of aerosols. For the IS92a scenario, the increase in
radiative forcing over the next century is estimated to be about 5.8 W/m2 with no changes
in aerosol concentrations after 1990, or about 5.3 W/m2 with an intermediate increase in
aerosol emissions. These increases in radiative forcing would result in global temperature
rises of between 2 and 2.4° C by 2100 (Kattenberg et al. 1995).

Simple models of radiative forcing allow the calculation of average rises in global
temperature, but do not allow local climate effects, such as the effects on precipitation,
seasonality and extreme events, to be estimated. Atmosphere-ocean general circulation
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models (AOGCMs) used to estimate changes in regional climate are subject to many
uncertainties, but they generally show that, in Northern Europe, average winter
temperatures will tend to rise more than average summer temperatures (Kattenberg et al.
1995). The increase in summer temperature in this region will be similar to the global
average (2-3°C), but the winter increase will be slightly above the global average (4-5°C).
These models also show an overall increase in the amount of precipitation relative to the
present day, with similar percentage increases in both summer and winter (10-20%).

Increasing global temperatures will lead to a rise in global sea-level. There are two principal
causes for such a rise: thermal expansion of the oceans and melting of land-based glaciers
and ice-sheets. Results from models using the IS92a assumptions indicate a global sea-level
rise of up to 0.9 m over the next 100 years (central estimate about 0.5 m) (Warrick et al.
1995). Beyond the next century the assumptions regarding economic factors and their
controls on greenhouse gas emissions become more speculative. However, even if
emissions and temperature rises are stabilised in the next 100 years, the thermal inertia of
the oceans means that global sea-level is expected to continue rising until beyond 2500,
reaching a height at least 1.5 m above the present-day level.

The effects of a global rise in sea-level will be offset around the shores of the Baltic by the
continuation of isostatic uplift (compensation of the crust after removal of the ice load)
following the last glaciation. Mapping and dating of shoreline deposits in the area show that
rates of uplift ranging from 2 mm/year in the Gulf of Finland to 8 mm/year at the northern
end of the Gulf of Bothnia (Ekman 1989). These rates are comparable with the present-day
rates of global sea-level rise, and over the next few hundred years there is likely to be little
net change in sea-level in central and southern Finland, and a net fall in sea-level in northern
Finland. The rate of isostatic uplift is decreasing with time as the crust regains its height
prior to depression by the ice-sheet. However, uplift will continue until the growth of the
next ice-sheet across the region and will exceed rates of sea-level rise. Passe (1996)
calculated continued uplift of about 45 m in the next 10,000 years in central Sweden. This
continued uplift means that Hastholmen and Olkiluoto will lie some distance from the coast
by the time of the next glaciation.

The IS92 scenarios assume that greenhouse gas emissions will stabilise at some time within
the next century, but do not assume any subsequent decrease in emissions. Any changes in
climate resulting from anthropogenic effects are therefore assumed to persist until there is
a significant change in the natural climate system. Section 3.1.2 below describes the natural
changes in climate that have taken place over the past 2 million years. The amount of
insolation reaching the Earth has passed the maximum for the current interglacial. In the
absence of any anthropogenic effects, the correlation of climate with orbital fluctuations (see
Section 3.1.2) suggests that climatic cooling would start within a few hundred years (Berger
et al. 1991). An increased concentration of greenhouse gases will not affect the pattern of
insolation. However, the higher initial temperature induced by the greenhouse effect will
delay the point at which the climate is cold enough for the nucleation of the next regional-
scale ice-sheet. The combined effect of natural and anthropogenic processes on the onset
of cooling is discussed in Section 3.1.2 below.
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3.1.2 Natural climate change

Introduction

The geological record in Finland and in other regions of northern Europe shows that natural
climate change has given rise to a series of glaciations over the past 2 million years. These
glaciations have had a marked effect on the surface environment through erosion and
changes in sea-level, and have also affected parts of the sub-surface environment through
changes in stress, the formation of permafrost, and changes in groundwater recharge
beneath the ice. Models of ice-sheet behaviour that have been developed to explain the
patterns of these changes for the last glaciation can be used to infer the changes that will
arise from future glacial cycles.

The effects of natural climate change are recorded in the distribution of tills, moraines and
other glacial deposits in northern latitudes. However, these deposits are usually poorly
preserved and isolated, and provide only limited information on the occurrence of high-
frequency climate changes. At more southerly latitudes, and in the sediments on the deep
ocean floor, deposits are less prone to erosion and the climate record derived from these
areas is more complete. Also, because correlations can be established between a number
of sites, a regional climate record can be established that is not biased by particular local
conditions. The record of climatic fluctuations from deep sea cores and other environmental
indicators (Figure 3.1) shows a large number of climate cycles of different magnitude. The
major cycles can be correlated with glaciations in Europe (Figure 3.2), whereas there are
many minor cycles that are not recorded in glacial deposits because they correspond to only
minor fluctuations of the ice-sheet.

The insolation reaching the Earth varies (Figure 3.3) because the Earth's orbit around the
Sun has a number of well-characterised fluctuations of various frequencies. There is a close
correlation between the past climate in the northern hemisphere and the intensity of
insolation reaching the upper atmosphere (Milankovitch Theory [Milankovitch 1941; Berger
1988]). However, although the patterns of insolation and climate change are similar, there
is a marked difference between their magnitudes. The maximum difference in insolation
would result in a temperature difference of less than one degree, whereas the difference in
annual average temperature in Finland between a glacial and an interglacial period is at least
12°C (Boulton & Payne 1992). Because of the uncertainties concerning the processes and
interactions within the atmosphere-hydrosphere-cryosphere system that serve to amplify
changes in insolation, many of the models used to correlate between insolation and climate,
and to predict future changes, are empirical rather than process-based (e.g., ACLIN, Kukla
et al. 1981; Imbrie & Imbrie 1980). The Louvain-la-Neuvre 2-D climate model (LLN-2D)
is a process-based model that has shown good agreement with the available geological
evidence, and results demonstrate that natural changes in the concentration of atmospheric
CO2 are an important control on the volume of continental ice (Berger & Loutre 1997).

Two areas of uncertainty concerning climate change over the long-term are the influence of
large land masses and mountain ranges on circulation within the atmosphere, and the effect
of the distribution of continents on oceanic circulation. Astronomical perturbations have
occurred throughout geological time but glacial - interglacial cycling has been restricted to
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a few, relatively short periods during this time (see, for example, Eronen & Olander 1990).
Climatic fluctuations occur at other times, but amplification of the changes in insolation only
occurs when there are particular configurations of continents and oceans. The present
configuration of continents and associated ocean circulation patterns are expected to persist
for the next million years or longer (Goodess et al. 1992), and glacial - interglacial cycling
will continue to affect the normal evolution of the candidate sites.
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Figure 3.1 Variations in climate towards the end of the Quaternary as shown by four
stratigraphic records:
a) Variations in oxygen isotope ratios in deep-sea cores from the Pacific Ocean.
b) Variations in oxygen isotope ratios in the Greenland ice-sheet.
c) Vegetational history reconstructed on the basis of pollen analysis, Grande Pile, France.
d) Vegetational history shown by pollen flora, Tenagi Phillipon, Greece.
From Eronen & Olander (1990).
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Figure 3.2 Late Pleistocene chrono- and climato-strati graphic time series (based on
isotopic variations) and the resulting palaeographical situation. From van Weert (1997).
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Figure 3.3 Long-term changes in the Earth's orbit and their effect on northern hemisphere
insolation. A: Precession of the equinoxes around the ecliptic. B: Changes in the
obliquity of the Earth's rotational axis. C: Changes in the eccentricity of the Earth's
orbit. D: Calculated effect of orbital changes on July insolation at 65°N (calculated from
data in Imbrie & Imbrie 1980). From Wilmot (1993).
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Onset of cooling

The pattern of astronomical perturbations indicates that insolation in the northern
hemisphere has been decreasing since a maximum at about 3,000 BP. This decline in
insolation will lead to a decrease in northern hemisphere temperatures. Without the
influence of greenhouse gases, this decline would start in a few hundred years. With
assumed patterns of greenhouse gas emissions, however, there will be an initial rise in
temperature that will compensate for the decrease in insolation. Eventually, the continuing
decrease in insolation will lead to an overall decrease in temperature.

Models of climatic evolution that do not account for a period of greenhouse gas wanning
show the development of a large Fennoscandian ice-sheet at about 20,000 years. Models
that do account for a period of greenhouse gas warming show that the global temperature
will start to decline from about 15,000 years, but that shrinkage and melting of the
Greenland ice-sheet during the initial warm period will prevent development of a
Fennoscandian ice-sheet at 20,000 years. Instead, as the temperature declines between
15,000 and 20,000 years, central and southern Finland will experience tundra conditions and
permafrost will start to develop.

Development of permafrost

Tundra conditions in the far north of Finland and neighbouring countries today are an
analogue for the conditions expected in the region of the candidate sites under cooler
climate conditions. There will be some differences arising from differences in day-length at
different latitudes, and also because the weather patterns on the margin of the Atlantic
Ocean will change as global sea-level falls. Permafrost will develop as isolated patches of
seasonally-frozen ground, but as the temperature decline persists, continuous permafrost will
develop, interrupted only by taliks (areas of unfrozen ground) beneath major rivers and
lakes. The depth of permafrost will be a function of geothermal gradient, thermal
conductivity of the bedrock, and surface air temperature.

The geothermal gradient in old, stable shield areas is generally low and measurements of
temperature in boreholes can be significantly affected by surface conditions and by heat loss
through groundwater flow (Kukkonen 1987). Maps of apparent heat flow density show
values of about 50 mW/m2 in the region of Hastholmen and OIkiluoto, about 35-40 mW/m2

at Romuvaara, and less than 30 mW/m2 at Kivetty (Kukkonen 1995). Following correction
for palaeoclimatic effects and groundwater flow, these correspond to geothermal gradients
between 15 and 20°C per km, typical of shield areas. The thermal conductivity of the
granites and gneisses at the candidate sites ranges between 2.1 and 3.8 W/mK (35 samples,
1 sample = 4.7 W/mK; Kukkonen & Lindberg 1998).

At 15,000 to 20,000 years, following the period of greenhouse gas warming, valley glaciers
will start to expand in the mountainous regions to the north and west of Finland. At this
time, the regions around Kivetty and Romuvaara will be subject to discontinuous
permafrost, with taliks present beneath rivers and lakes. Hastholmen and OIkiluoto will still
be sufficiently close to the coast at this time for permafrost to be largely absent. However,
as the climate cools further and sea-level falls in response to global ice-sheet expansion,
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continuous permafrost will develop at all four candidate sites. Permafrost will reach depths
of up to 250 m during this tundra period, on the assumption of an annual average air
temperature of-8 to -12°C, and an annual average ground temperature of -4 to -6°C (based
on a simple model of permafrost development [Lunardini 1981]).

Vallander & Eurenius (1991) calculated a similar depth for permafrost, in the absence of a
repository, using a model that accounted for a layer of till above the granite. Their results
showed that permafrost could develop above a repository 5,000 years after closure when
there was still a thermal effect from the waste. However, after 15,000 to 20,000 years, the
waste will have cooled to such an extent that the presence of a repository will have little
effect on permafrost development.

Permafrost that has developed during tundra conditions will persist beneath the toe of an
advancing ice-sheet (Figure 3.4). The temperature at the base of the ice beneath the toe is
below 0°C (described as cold-based), so that the ground at this point remains frozen.
Towards the centre of the ice-sheet, frictional heating due to ice movement and the pressure
of the overlying ice combine to raise the temperature at the base of the ice above freezing.
As the ice-sheet expands across the region, therefore, warm-based conditions will prevail,
and the permafrost will melt.

SOUTH NORTH

GROUND SURFACE

. 'y^EE^ril^S1^ '••'• 'i
PERMA-
FROST

IO i ' -' ' • • " » .
, •'!FREEZE/MELT

. . . 'SURFACE AOVANCES
i SOUTHWARD WITH TIME *

• HUNDP.50S O= KILOMETRES -

GRC

Figure 3.4 Distribution of permafrost beneath an advancing ice-sheet. From Wilmot
(1993).
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As an ice-sheet retreats across an area, the sub-glacial conditions will be similar to those
during the advance phase. Similarly, tundra climatic conditions will be re-established after
the ice-sheet has retreated. However, the warming phase of large-scale climate cycles is
typically much shorter than the cooling phase and, unless there is a pause (stillstand) in the
ice retreat, there will be insufficient time for permafrost to develop beneath the retreating
ice. Permafrost that develops at the four candidate sites during the post-glacial tundra
period is likely to be discontinuous and will not develop to the same depths as that formed
prior to glaciation.

Growth of an ice-sheet

Climatic conditions that lead to permafrost in central and southern Finland will also result
in the expansion of valley glaciers in mountainous regions to the north and west. Continued
climatic cooling will result in the amalgamation of these valley glaciers and the nucleation
of the next Fennoscandian ice-sheet. The growth of a regional ice-sheet is expected to start
at about 35,000 years, and it will likely take a further 10,000 to 15,000 years before the ice-
sheet reaches the area of the candidate sites in Finland.

Models describing the growth of ice-sheets are based on assumptions regarding geothermal
heat flux, equilibrium line altitude (ELA), and the form and mechanical properties of the
bedrock (Boulton & Payne 1992). The geothermal heat flux governs the rate at which basal
melting of an ice-sheet takes place. The ELA is the altitude above which net accumulation
of snow and ice takes place, and below which net melting (ablation) occurs. As the climate
cools, the ELA is lowered until sufficient snow can accumulate to initiate and maintain an
ice-sheet. The nature of the bedrock controls the manner in which the ice erodes the bed,
and also governs the flow paths for meltwater from the base of the ice. Both erosion and
basal melting have an effect on the rate of advance of the ice-sheet. Geological evidence
from the last glaciation (tills, moraines, glacio-fluvial deposits etc.) has been used to
calibrate ice-sheet growth models in terms of mechanical properties (e.g., Boulton & Payne
1992). The future behaviour of the ELA can be derived from models of climate evolution.

Different model assumptions lead to slightly different predicted growth patterns for the next
Fennoscandian ice-sheet. However, there is a consensus that it will reach its maximum
extent between 55,000 and 70,000 years (Berger et al. 1991; Goodess et al. 1991; Boulton
& Payne 1992) and that the ice margin will reach as far south as northern Germany and
Poland (Figure 3.5). Growth of this ice-sheet across Finland to its maximum extent may
take up to 30,000 years. Model predictions of the maximum ice thickness in Finland are
around 2 km in the north and 1.6 km in the south (Figure 3.5).

This glacial maximum will be followed by a period of rapid glacial retreat (Goodess et al.
1991). However, the ice-sheet will persist in northern Scandinavia prior to a re-advance at
about 100,000 years. The ice-sheet will not re-advance to the same extent as in the earlier
glacial phase, but the ice margin is expected to lie to the south of Finland (Boulton & Payne
1992). This second glacial period will persist until about 120,000 years, at which time there
will be a return to climatic conditions similar to the present day.
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Figure 3.5 Predicted extent of the ice-sheet over Europe at the next glacial maximum in
about 70,000 years time. From Boulton & Payne (1992).

High-resolution records of past climate change show that there are high-frequency climatic
fluctuations imposed upon the glacial-interglacial cycles. The effects of these higher
frequency events on an ice-sheet range from slowing the rate of ice advance, through
stillstands, to temporary retreats of the ice. Many of these fluctuations are too short-lived
or of insufficient magnitude to be recorded in the glacial deposits, but the warmest events
(stadials) can be correlated with the depositional record. Models of climate change and ice-
sheet growth can predict only the large-scale fluctuations of the ice margin and do not
resolve the short-lived fluctuations, which are of second-order importance compared to the
main fluctuations.

Sea-level change

Growth of the Fennoscandian ice-sheet will be accompanied by growth of ice-sheets in other
high-latitude regions and there will be a corresponding fall in global sea-level (eustatic sea-
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level) as increasing amounts of water are incorporated as ice and snow. At the glacial
maximum, eustatic sea-level will be 120-140 m below the present level.

The sea-level relative to the land surface in the vicinity of an ice-sheet (relative sea-level)
will differ from eustatic sea-level because the crust will be depressed beneath the ice. In
terms of the location of candidate sites with respect the coastline, however, this effect will
be offset by the effects of isostatic uplift following the last glaciation. The current rate of
isostatic uplift in Finland varies from 2 mm/year to more than 8 mm/year and, even with
future decreases in these rates, the coast in the region of Olkiluoto will be more than 40 m
above present sea-level in 10,000 years (Passe 1996).

An additional effect on relative sea-levels that will be important in the region of all four
candidate sites is the isolation of the Baltic from the North Sea as eustatic sea-level falls and
the Kattegat becomes exposed. When the ice margin lies in southern Finland, eustatic sea-
level will be about 85 m below present sea-level. Crustal depression in the region of the
candidate sites will be on the order of 65 to 80 m (Ahlbom et al. 1991), compensating for
the effects of isostatic uplift over the intervening period. Relative sea-level under these
circumstances will be well below present. However, if the Baltic becomes isolated from the
North Sea, relative sea-level along the Finnish coastline may remain close to the present-day
level.

The height of relative sea-level is a major control on the development of the chemical profile
of the deep groundwater systems at the two candidate sites, Olkiluoto and Hastholmen, that
are currently close to coast. Brackish or saline groundwater representing recharge while
Olkiluoto and Hastholmen were submerged is present at the two sites at depths below about
100 m in regions of intact rock (see Section 2.2). However, at Olkiluoto, land uplift from
2600 BP, when the site was first above sea-level, to the present-day has caused freshwater
recharge to penetrate to depths of more than 500 m along higher permeability fracture zones
(Lofrnan 1996a). Continued isostatic uplift and a fall in relative sea-level prior to the next
glaciation will lead to deeper penetration of freshwater both along fracture zones and in the
regions of intact rock. Over longer periods, beyond the next glaciation, further changes in
relative sea-level and consequent changes in recharge composition will result in complex
patterns of groundwater chemistry at the sites.

At the maximum extent of the ice, crustal depression in the region of the candidate sites will
be up to 500 m and relative sea-level will be up to 350 m above present-day levels. The
presence of the ice will, however, mask any influence of this high relative sea-level. The
effects of glacio-isostasy on relative sea-levels become more important upon deglaciation,
when much of Finland will lie beneath the sea or a glacial lake rather than beneath an ice-
sheet.

Warming of the climate will lead to melting of ice-sheets and a consequent rise in eustatic
sea-level. The final stage of deglaciation will take place relatively quickly, although the
occurrence of various stillstands and re-advances during retreat of the ice will interrupt the
rise of sea-level from its lowest stand. The two processes that control relative sea-level,
eustatic sea-level rise and isostatic rebound, take place at very different rates and so any
stillstands will have a comparatively minor effect on the evolution of relative sea-level.
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There is ample evidence for the evolution of post-glacial sea-level rise after the last
glaciation (Figure 3.6, Eronen et al. 1995). A similar pattern is expected in the future
following the glacial retreats at 70,000 and 120,000 years, although the pattern may be
altered by erosion in the area of southern Sweden and Denmark. The topography in this
area controls whether the Baltic region is a freshwater lake along the ice margin or is a
brackish-to-saline sea connected to the North Sea. Two phases of lake formation with an
intervening marine incursion took place during the last deglaciation. The corresponding lake
shorelines were higher than the sea-shore during the intervening marine period (Eronen &
Olander 1990).
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Figure 3.6 The main stages in the development of the Baltic Sea. From Eronen et al.
(1995).

The inundation history of the four candidate sites is presented in Section 2.2.1. A similar
sequence of freshwater and brackish-to-saline flooding is expected at the end of the next
glacial period. In particular, the sites at Hastholmen and Olkiluoto will be subjected to
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periods of inundation beneath both freshwater and saline-to-brackish waters. The site at
Romuvaara will remain above sea-level throughout the glacial and post-glacial changes in
sea-level. The site at Kivetty is also expected to remain above sea-level at the end of the
next glaciation. However, because the regional topography will be similar to the existing
topography, the site will be on an island for a period during the post-glacial sea-level rise.

Glacial erosion during the next and subsequent glaciations will tend to lower the overall
relief at all of the candidate sites, with greater erosion taking place over higher ground than
in the valleys. The extent of erosion will not be significant in terms of the amount of
overburden above any repository, nor will it affect whether Romuvaara is submerged.
Erosion at Kivetty, however, is likely to reduce the extent of the region around the site that
remains above sea-level. After several glaciations, erosion may have changed the
topography to such an extent that this site no longer lies on an island during periods of
raised sea-level. In particular, any future glaciations as extreme as the Saalian (the largest
past glacial event) will be followed by periods of higher relative sea-level that may inundate
the Kivetty site.

Continued climate cycling

The nature of climate change during the Quaternary is well-established and future climate
cycles are expected to lie within the range of conditions already experienced. The limits of
the last three regional ice-sheets in northern Europe are known (Figure 3.7, Forsstrom et
al. 1987) and the majority of the future ice-sheets are expected to lie within this area. The
next glaciation is expected to be similar in extent to the last (Weichselian) glaciation. Some
future ice-sheets are likely to extend as far as the limit reached by the largest previous
(Saalian) ice-sheet. In comparison to the normal evolution described above for the next
glacial period, such glaciations will result in a greater ice thickness above the candidate sites
(up to 3 km; Eronen & Olander 1990), a greater degree of isostatic depression (up to 600
m) and, upon deglaciation, a higher relative sea-level (more than 115 m above present
[Forsstrom et al. 1987]).

Astronomical perturbations have occurred over a period longer than the last 2-5 million
years. The direct effects of these changes are small and some additional mechanism is
required to amplify them to the extent of causing glaciations (Brocker & Denton 1989).
Natural fluctuations in atmospheric CO2 appear to have been an important control on
climate in the past (Berger & Loutre 1997), and other postulated mechanisms include the
growth of mountain ranges, changing oceanic circulation patterns (e.g., a breach of the
Isthmus of Panama), and changes in the distribution of oceanic and continental crust
(Goudie 1992). Insolation will continue to change in response to astronomical
perturbations, but significant changes in any of the other variables could bring an end to the
Quaternary pattern of glacial-interglacial cycling.

Under normal evolution, it is reasonable to assume that interglacial - glacial cycling will
continue beyond the next two or three glaciations, and that only some long-term change in
the climate system will bring this cycling to a close. Timing of this change is highly
uncertain, but changes over 10-100 million years may be sufficient to modify the climate to
the extent of halting interglacial - glacial cycling (Wilmot 1993).
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Figure 3.7 Map showing the maximum extent of the Saale, Warthe and Weichselian ice-
sheets. From Forsstrom et al. (1987).

3.2 Stress Regime

Introduction

The distribution of stress in the rocks surrounding the repository is an important control on
the hydraulic properties of fractures, and changes in stress can alter these properties and
thus affect groundwater flow. Changes in stress, or a build-up of stress, could also
potentially lead to movement along faults. The Fennoscandian Shield is tectonically stable
and no significant changes are expected to occur in the regional tectonic regime within the
next million years. The growth of thick ice-sheets causes changes in stress in the underlying
rocks, and in the region surrounding the ice where compensation for the mass of ice can
cause uplift. Similarly, the removal of a thick ice-sheet will change the stress regime, often
much more quickly than changes induced by tectonics or the growth of ice.

Current stress regime

The current stress regime can be determined for small areas from measurements in
boreholes, and evidence for the regional stress can be derived from seismic records of
earthquakes. Because the Fennoscandian Shield is stable, there are few earthquakes large
enough to be felt and, historically, recording of earthquakes has been limited because of the
low population density. Since 1980, seismic recording networks have been installed which
have allowed measurement of greater numbers of smaller earthquakes (Saari 1992).
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Compilations of data from various sources show that Finland is currently in a compressive,
strike-slip stress regime, with the principal horizontal stress oriented NW-SE (Figure 3.8;
Mueller et al. 1992). Hydro-fracturing measurements in deep boreholes (400-900 m) at
Kivetty, Romuvaara, and Olkiluoto (Klasson & Leijon 1990) generally conform to this
direction (Figure 3.9), although the maximum horizontal stress measured at Olkiluoto trends
slightly more W-E.
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Figure 3.8 European Stress Map. The distribution of stress indicators by type and
orientation of the greatest horizontal stress SH is indicated. Symbols are explained in the
legend. The World Stress Map is maintained at Karlsruhe University.
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Figure 3.9 Measured stresses in deep boreholes in Finland. Each cross indicates average
value from hydraulic fracturing at depth 400 - 900 m. The plots show direction only. VE
= Veitsivaara, RO = Romuvaara, SY = Syyry, KI = Kivetty and OL = Olkiluoto. From
Klasson & Leijon (1990).

The NW-SE trend for stresses at depth in Finland corresponds to that expected from simple
ridge push resulting from the effects of the expanding plate margin along the North Atlantic
Ridge (Saari 1992). The stress arising from these tectonic forces is stored as elastic energy
within the lithosphere (strain) and is periodically released by movement on faults. This
movement is accompanied by earthquakes. Assessment of the energy released by
earthquakes in the last 100 years shows that the average rate of strain over this period has
been constant (Ahjos et al. 1984). There is no evidence for any significant glacial or post-
glacial effects on the current stress regime, although small-scale residual effects of the last
glaciation may remain unresolved because of the sparse data.

Stress regime prior to future glaciations

Because of the relative tectonic stability of the Fennoscandian Shield, it is reasonable to
estimate the magnitude of likely future earthquakes from historical data. The estimated



39

upper limit for magnitude of earthquakes with a return period of 1,000 years or less is 5.0,
and the upper limit for intensity is VI-VII (Saari 1992). Estimates of strain rates over the
last 100 years suggest that the maximum release of strain through fault movement would
result in a magnitude 5.3 earthquake (Ahjos et al. 1984).

In the period prior to the next glaciation, the stress regime in Finland will remain essentially
constant, with any small effects related to isostatic rebound decreasing still further. A
number of earthquakes of magnitude 5 or less will occur during this period. Earthquakes
of intensity VI will cause minor damage to buildings in some areas.

Changes caused by glaciation

Nucleation of an ice-sheet in Fennoscandia is expected at around 35,000 years (Section
3.1.2). Growth of this ice-sheet across Finland to its maximum extent may take up to
30,000 years, during which time models predict that the ice thickness in the region of
Finland will increase to between 2 km in the north and 1.6 km in the south. In response to
the weight of ice, there will be a slow flow of material from beneath the ice at the base of
the crust, and the crust beneath the ice will be lowered by up to 300 m However, because
of the high viscosity of the upper mantle rocks, the rate of this isostatic lowering will be
much lower than the rate of ice-sheet growth. The ice-sheet will therefore have reached its
maximum extent several thousand years or more before the crust is fully depressed. Indeed,
it is likely that deglaciation will have started before the crust reaches isostatic equilibrium.

Except at the ice margins, stress gradients induced by ice loading and the subsequent
isostatic response will be low, and there will be no significant increases or rotation of the
horizontal stresses in the crust. The weight of ice will, however, increase the vertical stress
and the stress regime will change from predominantly strike-slip to a normal faulting regime
(Saari 1992). The increase in vertical stress will tend to close all but vertical fractures and
will inhibit movement on faults, thereby allowing a build-up of strain energy from tectonic
stresses, which may be released upon deglaciation (see below).

The thickness of ice will be much less near the ice margins than at the centre of the ice-
sheet, and the stress contrast between glaciated and unglaciated regions will, therefore, be
low. Higher stress contrasts may be encountered where the ice is thickened, for example
where there are topographic obstacles to ice flow, or along a coastline where ice cliffs form
by calving of icebergs (Saari 1992). Stresses near the margin of a stationary ice-sheet could
also be modified slightly by the development of a forebulge, an area of uplift caused by the
flow of upper mantle material at the base of the continental crust beneath the ice.

The ice margin during the next glacial period is anticipated to be well to the south of
Finland. All four of the candidate sites will, therefore, be in regions where horizontal
stresses are similar to those prior to glaciation. Minor earthquakes may occur near any of
the sites if the growth of the ice-sheet is interrupted when the ice margin lies across southern
Finland. When the ice-sheet has extended beyond this point, seismic activity will be reduced
to levels even less than those currently experienced.
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Changes caused by deglaciation

There is evidence throughout Fennoscandia for small-scale movement along faults taking
place during deglaciation (e.g., Nenonen & Huhta 1993). There is also evidence from the
region north of the Gulf of Bothnia for large displacements on faults during this period (e.g.,
Lagerback 1988; Vuorela et al. 1987). These large post-glacial faults (PGFs) have
displacements of up to 30 m and the associated scarps can extend laterally for 150 km. At
the surface, PGFs are reverse faults with dips of up to 40°, and generally strike NNE-SSW.
At depth, they are associated with low-angle dilational thrusts that may extend as deep as
10 km. Earthquakes of up to magnitude 7.9 have been estimated for movement along these
faults, on the assumption that the measured displacement occurred during a single event
(Muir-Wood 1989). However, it is likely that the total measured displacement is a result
of several movements, and the maximum earthquake magnitude was probably less than this
maximum value.

The region where large PGFs have been mapped is characterised by sets of NW-SE and N-S
trending shear zones or strike-slip faults (Figure 3.10), which appear to bound the PGFs.
This region lies at the intersection of two tectonic zones (the NW-SE trending Lapland Zone
and the N-S trending Baltic-Bothnia megashear) and is currently more seismically active
than other parts of the Fennoscandian Shield. Three factors combined to cause large PGFs
during the last deglaciation in this area (Saari 1992):

• A period of rapid ice retreat between 10,000 and 9,000 BP, when the ice margin was
in the region of the PGFs, led to anomalous shear stresses in the area. Isostatic
rebound was inhibited by the ice edge, which caused a stress gradient to develop in
the region. This stress gradient was possibly enhanced by high ice cliffs along a
glacial lake margin. The earlier phase of ice retreat was slower and steadier, and
anomalous stress gradients did not develop further south.

• Ice had covered the region of the PGFs for about 40,000 years, during which time
considerable tectonic strain had accumulated in this region without release. Rapid
retreat of the ice allowed release of this strain energy through fault movement.
Estimates of the magnitude of the subsequent earthquakes are comparable with
those derived from the size and displacement of the largest PGFs. Ice only covered
southern Finland for 10,000 to 20,000 years, so that the build-up of tectonic strain
in this region before release through faulting was considerably less.

• During deglaciation, the disposition of ice, global sea-level, and isostatic rebound
in the region of southern Sweden combined to develop a glacial lake along the
retreating ice margin in the region of the Baltic (Ancylus Lake, Figure 3.6). Release
of accumulated tectonic strain beneath this lake is thought to have taken place as a
series of small movements along a number of faults. The PGF region lay beyond this
lake and was still covered by ice during this period of strain release. The ice
retreated from the region of large PGFs at 9,000 BP, and the area was above the
level of the Ancylus Lake. The release of accumulated strain in this region was,
therefore, not moderated by the presence of water and took place along only a few
faults.
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Figure 3.10 The Pasmajdrvi and Venejdrvi PGF scarps in Finnish Lapland. From Saari
(1992).
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Although large PGFs have only been mapped in particular areas of northern Fennoscandia
(Figure 3.11), it is possible that they also occur in other regions. PGFs have largely been
identified from their surface expression, and may remain unidentified in other areas where
erosion or deposition of later sediments or erosion have obscured the fault scarp, or where
movement on a low-angle fault at depth has not manifested itself at the surface. However,
the absence elsewhere of the factors listed above strongly suggests that large PGFs are
unlikely to be present in other regions.

• y FINLAND

SWEDEN

Figure 3.11 Location of post-glacial landslides (black dots) and fault scarps in northern
Fennoscandia. Barbs along the fault lines are turned towards the lower block. After
Vuorela (1990).

During deglaciation, stress relief will occur by movement along a number of existing faults.
The historical and instrumental record of earthquake magnitudes collated by Saari (1992)
does not take account of this faulting, which includes the large events that led to the PGFs
in northern Finland. However, none of the candidate sites are in the same tectonic setting
as the region affected by previous large-scale post-glacial faulting. As the ice retreats from



43

northern Finland, the build-up of strain energy may be released by the re-activation of the
PGFs or by movement along other existing features in this area. This large-scale faulting
would be several hundred kilometres from any of the candidate sites, and too far for any
fault movements to affect the disposal system (see Section 4.2).

Long-term changes in stress

Fennoscandia has been subjected to a series of glaciations over the past 2 million years and
the pattern of glacials and interglacials is expected to persist for several million years or
more (Section 3.1.2). The effects of ice on the stress regime at the candidate sites during
the next glaciation will not be significant, as they are all some distance from the expected
ice margin and there is no evidence for large-scale faulting occurring during deglaciation at
any of the sites.

The rates of tectonic plate movements affecting Fennoscandia are not sufficient to move
Finland outside the region subject to glaciation for the next 10 million years or longer.
There will be minor changes in the location of the ice-sheet nucleation point, and some
changes in topography arising from glacial erosion. These will not be of sufficient
magnitude to change the overall pattern of glaciation in the region, or to significantly change
the stress regime in the vicinity of any of the candidate sites. However, if significant tectonic
strain builds up during exceptionally-prolonged future glacial periods, there is a possibility
for moderate post-glacial fault movements to occur in regions beyond any glacially-dammed
lake. These fault movements could subject the sites to seismic shocks over a short period
during deglaciation. However, the occurrence of large-scale PGFs in northern Fennoscandia
is controlled by the coincidence of a number of stress-concentrating processes focussed at
the intersection of two tectonic zones. These zones, and the overall NW-SE compressive
stress arising from ridge push, are expected to persist throughout the next 10 million years
or longer.

3.3 Effects of Natural Evolution on the Disposal System

The normal evolution of the natural environment will commence with a period of climate
change brought about as the result of emissions of greenhouse gases and other
anthropogenic influences on the atmosphere. The extent of the changes in climate in Finland
will not be of sufficient magnitude to have any direct effect on the disposal system at any of
the candidate sites. Changes in temperature and precipitation, and changes in seasonality,
will affect the surface water and shallow groundwater systems at all of the candidate sites.
However, the extent of these changes will not be sufficient to affect the deep groundwater
system at Kivetty or Romuvaara. At Olkiluoto and Hastholmen, the deep groundwater
system will not be affected by changes in climate, but will be affected by changes in relative
sea-level. Global rises in sea-level accompanying climate change will initially be offset by
the continued isostatic rise of the land surface following the last glaciation. Continued
isostatic uplift will increase the distance of Olkiluoto and Hastholmen from the coast, and
will allow freshwater to displace brackish and saline waters at depth along high-permeability
fracture zones.
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Climate changes brought about by anthropogenic influences on the atmosphere will be
sufficient to delay the onset of the next glaciation. However, the changes in insolation that
drive natural climate change and give rise to glacial periods will still occur and, eventually,
the climate will cool sufficiently for global ice volumes to increase. At this point, expected
to be at 15,000 to 20,000 years in the future, permafrost will start to develop at Romuvaara
and Kivetty. The proximity of Olkiluoto and Hastholmen to the coast, and their location
further south, will delay the onset of permafrost at these sites for a further few hundreds to
thousands of years. Initially, permafrost will be discontinuous, with taliks present beneath
lakes and rivers. At this stage, there will be little effect on recharge of the deep groundwater
system. Once continuous permafrost is established, however, the deep groundwater system
will be isolated from the surface and recharge will cease. The hydrochemistry of the shallow
groundwater will change, with an increase in solute concentrations resulting from freezing
of the pore water.

As the climate continues to cool, valley glaciers will merge to form the nucleus of a regional
ice-sheet at about 35,000 years. This ice-sheet is expected in the region of the candidate
sites about 10,000 to 15,000 years later. Permafrost will initially persist beneath the toe of
the ice-sheet, which will be below freezing with no basal melting. Towards the centre of the
ice-sheet, frictional heating will give rise to basal melting. The thickness of ice will lead to
an increase in groundwater heads, which will in turn increase the flow velocities beneath the
warm-based part of the ice-sheet and also beneath the permafrost at the toe. The low
hydraulic conductivity of the rocks in the vicinity of the candidate sites will limit the amount
of recharge of glacial meltwater. However, recharge rates will be elevated over those
observed at the present day.

A regional-scale ice-sheet will result in isostatic lowering of the crust beneath the ice. Slow
growth of the ice will reduce any tendency for a significant differential stress at any of the
candidate sites. An increase in the vertical stress will serve to close fractures and further
reduce the horizontal hydraulic conductivity. During the period that the region is covered
in ice, there will be a build-up of tectonic strain. Upon deglaciation, this strain will be
released through fault movement. The magnitude of this post-glacial faulting will be
moderated at Olkiluoto and Hastholmen by the presence of a glacial meltwater lake, which
will moderate fault movement. There is a potential for larger fault movements at Kivetty
and Romuvaara because they will lie close to or beyond the margins of the lake.
Nevertheless, there is a very low probability of large magnitude earthquakes occurring close
enough to a site to disrupt a canister (less than 1 km for a magnitude 8.2 earthquake; see
Section 4.2).

The retreat of the Fennoscandian ice-sheet will be accompanied by the development of a
series of ice-dammed, freshwater lakes. These will periodically drain through the region of
southern Sweden and be interspersed by seas of similar or greater salinity than the Baltic.
Because global sea-level rise will be more rapid than isostatic rebound, the shores of these
lakes will lie above the present-day coastline, and both Olkiluoto and Hastholmen will be
submerged. The position of Kivetty relative to the shoreline during deglaciation will be
dependent upon the extent of glacial erosion and the rate of glacial retreat. During the last
deglaciation, Kivetty was on an island, and it is likely to be on an island again at some times,
since repeated glaciations are likely to be required before erosion significantly lowers the
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relief in this region. The present groundwater system at all of the candidate sites shows the
influence of past phases of glacial - interglacial cycling and the penetration of recharge
waters with different chemistries. Similar mixing profiles can be expected to develop in the
course of future glaciations.
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4 REPOSITORY NEAR-FIELD

For the purposes of this discussion, the near-field is defined as the repository region
consisting of the waste canisters, the surrounding engineered barriers (the bentonite in the
deposition holes, the backfill, and the seals), and the excavation-damaged zone (EDZ) of
rock forming the interface between the engineered barriers and the intact host-rock. A large
proportion of the near-field system is engineered and the expected normal evolution of the
system is, in part, a consequence or objective of the engineering design. The near-field
barriers, therefore, function to maintain the integrity of the waste canisters and prevent the
dissolution and transport of radionuclides for millions of years.

The principal threats to the integrity of the waste canisters are chemical corrosion and
mechanical strain. Therefore, the normal chemical and hydro-mechanical evolution of the
near-field are discussed first below (Sections 4.1 and 4.2, respectively). This is followed by
a discussion of the thermal evolution (Section 4.3). The increased temperature due to
radioactive decay in the near-field has an effect on a wide range of processes and material
properties, and these effects need to be included in a description of the normal evolution of
the system. However, the near-field is engineered to meet design criteria that prevent
temperature effects compromising the expected normal chemical and hydro-mechanical
evolution of the system. In describing the normal evolution, it is implicitly assumed that the
repository design criteria (Section 2.1) have been met.

The normal evolution of the near-field has to be described in terms of space, time, and
process. Any of these three facets could form the primary focus for ordering the description
of the evolution. The approach taken here is to describe the normal evolution in terms of
process. Because individual processes tend to occur across several regions of the near-field,
the alternative of a description ordered by spatial considerations would require repetition
between sections.

Summaries of the normal evolution of the entire disposal system, including the near-field,
between key periods of time are given in Section 5. The normal evolution of the near-field
described here applies in general to all of the four candidate sites currently under
consideration. Any site-specific variations are discussed as appropriate. To assist the
reader, a summary of the potential variation between the candidate sites is presented in
Section 4.4.

4.1 Chemical Evolution

4.1.1 Near-field chemical environment

This section divides discussion of the aqueous chemistry of the near-field between two
regions: the bentonite porewater adjacent to the canister, and the groundwater in the host-
rock. The chemistry in both regions is buffered (i.e., maintained at a particular composition)
by reaction with the bentonite/rock in contact with the fluid. Because of the importance of
the redox environment in determining other chemical reactions that will occur in these two
regions, its evolution is considered separately first. The backfill region is not considered
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separately because it uses a mixture of bentonite and crushed rock and, therefore, the
evolution of the porewater chemistry in the backfill will reflect a combination of the
evolution in the other two regions. Locally, degradation of cementitious seals and grouts
will create a discrete high pH aqueous environment. This is discussed in Section 4.1.4.

Redox Environment

The redox potential (Eh) of groundwater is a measure of the relative amounts of oxidised
to reduced species in solution. A negative redox potential indicates reducing conditions,
where an excess of reduced species has the potential to react with and reduce oxidised
species. Redox potential is important to repository performance as it determines the rates
and types of many chemical reactions, such as those for corrosion, gas generation and waste
dissolution. Reducing conditions in the near-field are desirable as they tend to lower
corrosion rates and the solubilities of some radionuclides.

Because of the difficulty in measuring in-situ Eh accurately, considerable care has been
exercised in the Finnish site characterisation programme to obtain meaningful redox
measurements. The majority of the measured Eh values for the deep groundwaters at all
four candidate sites are negative, indicating overall reducing conditions at repository depths,
i.e., 500 m (Ruotsalainen & Snellman 1996; Snellman et al. 1988). This is confirmed by
thermodynamic modelling of the likely chemical equilibrium between the groundwater and
the host-rock (Pitkanen et al. 1996a,b; 1998a,b). The principal groundwater redox-
buffering reactions at repository depth are those involving organic carbon degradation, the
Fe^/Fe2* couple, controlled by reaction with Fe2+-bearing fracture minerals, and the SO4

27S2'
couple, which is controlled by reactions that are mediated by sulphate-reducing bacteria.
In addition, at Olkiluoto, thermogenic methane is an important redox control in the deeper,
saline groundwaters.

Groundwater recharge at the surface is oxidising, but oxidation of dissolved organic matter
and reaction with Fe2+, from minerals such as chlorite and biotite, changes the redox
potential of groundwaters as they penetrate deeper into the rock from oxidising to reducing
(e.g., Pitkanen et al. 1996a, 1998b; Gascoyne 1996):

CH20 + O2 - CO2 + H2O
dissolved organic carbon

(Fe2\(Fe^)Al2Si3Ou(OH)^O^l4H2O - Al2Si2O5(OH)4+5Fe(OH)3+H4SiO4

chlorite

4KFeyAlSi3Ol0(OH)2+4H * +32H2O+3O2 - AK++8#4S/O4 + \2Fe(OH)3 +2Al2Si2O5(OH)4

biotite

This trend with residence time from oxidising to reducing conditions is shown at Olkiluoto,
Romuvaara, and Kivetty by a correlation of decreasing aqueous uranium concentration and
increasing chloride concentration with depth (Ruotsalainen & Snellman 1996). Increasing
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chloride indicates an increase in the amount of water-rock interaction which, in turn, reflects
a longer residence time. The accompanying decreasing uranium concentration reflects
reduction of the U(VI) ion, which exists under oxidising conditions, to the less soluble
U(IV) ion, which is more stable under reducing conditions.

Introduction of air and oxygen during construction of the repository will perturb the redox
conditions in the surrounding host-rock. However, on repository closure, the oxygen
introduced to the near-field during excavation will be removed by reaction with Fe2+-bearing
minerals in the bentonite buffer and backfill and in the host-rock, and reducing conditions
will develop.

Estimates of the duration of oxidising conditions in the near-field depend on assumptions
concerning the kinetics of the reducing reactions (Wersin et al. 1994a). In the bentonite-
canister region, the principal O2-removing reaction will be oxidation of pyrite in the
bentonite:

4FeS2 + 15O2 + UH2O - 4Fe(OH)3
 + 8S04

2~ + \6H'

pyrite

Minor amounts of O2 will also be removed by oxidation of the surface of the copper
canisters (see Section 4.1.2) and organic degradation. The pyrite oxidation reaction will be
much faster than diffusion of O2 to/from the surrounding host-rock, and the time taken for
all of the O2 initially in the bentonite porewater to be removed will depend on the kinetics
of the oxidation reaction (Wersin et al. 1994a). Figure 4.1 shows the predicted evolution
with time of Eh in the bentonite assuming fast (dashed line) and slow (solid line) oxidation
kinetics (Wersin et al. 1994a). The asymptotic redox conditions in Figure 4.1 are based on
assumptions that, under oxidising conditions, Eh is controlled by the partial pressure of O2

(around 0.6 to 0.7 V) and, under reducing conditions, Eh is controlled by the Fe37Fe2+

couple (around -0.3 to -0.4 V with the dissolved Fe2+ concentration limited by siderite
solubility). It can be seen that, depending on the kinetics of the oxidation reaction, the
transition from oxidising to reducing conditions at the canister surface will occur between
7 and 280 years after closure.

Once reducing conditions have been restored to the near-field, the redox environment
adjacent to the canisters will remain reducing throughout the normal evolution of the
disposal system. There is no clear hydrochemical or mineralogical evidence at any of the
candidate sites for past intrusion of oxidising waters to repository depth. Calculations by
Ahonen & Vieno (1994) illustrated the volumes of water and time required to oxidise all of
the Fe2+ in the host-rock surrounding a potential repository. Around the first 100 m of rock
at the surface may already be oxidised. For an average groundwater flux of 1 1/m2 per year,
around 35 million years would be required to oxidise all of the Fe2+ in a further 400-m-thick
layer of rock. This estimate neglects the additional consumption of oxygen by reactions
such as oxidation of organic carbon and sulphide mineral dissolution, which are observed
redox reactions at the candidate sites (e.g., Pitkanen et al. 1996a,b; 1998a,b).
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Figure 4.1 Time evolution of Eh in hentonite clay as predicted by calculations in Wersin
et al. (1994a). Dashed line refers to minimum time assuming fast reaction kinetics. Solid
line refers to maximum time for transition from oxidising to reducing conditions assuming
slow reaction kinetics. From Wersin et al. (1994b).

Given the large reducing capacity of the host-rock, only an event that significantly reduces
the time taken for recharge to reach repository depth and, therefore, the time available for
water-rock reaction to impose reducing conditions, could lead to the introduction of
oxidising conditions in the near-field during normal evolution. Such conditions would be
out of equilibrium with the host-rock and would be transient, as water-rock reaction would
tend to restore reducing conditions over time (cf. Figure 4.1). Dilation of faults and
increased recharge rates following glaciation has been suggested as a possible mechanism
for deep penetration of oxidising waters (e.g., King-Clayton et al. 1995), and hydrochemical
signatures do indicate glacial meltwaters at depth at Kivetty, Olkiluoto, and Hastholmen.
However, as described at the start of this section, these waters have become reducing
through organic respiration, water-rock interaction and microbial interaction, and there is
no indication of oxygenated water penetrating to repository depth at any of the candidate
sites (Ruotsalainen & Snellman 1996).

Arthur (1996) calculated the migration of the redox front (i.e., the interface between
oxidising and reducing conditions) as a function of Darcy velocity and mineralogy.
Fractures retard the migration of redox fronts with respect to groundwater velocity more
than unaltered granite because fractures tend to contain a much higher proportion of
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reactive Fe-bearing minerals, such as chlorite. However, this effect is offset by the generally
more transmissive nature of the fractures with respect to the intact host-rock. Even at the
high Darcy velocities considered by Arthur (30 m/yr), it would take tens of thousands of
years for a redox front to migrate to a depth of 500 m in a fracture. The maximum historical
depth of penetration of oxidising waters at the candidate sites, as indicated by rust (oxidised
iron) coatings in fractures, is less than 200 m at Kivetty and Romuvaara (Pitkanen et al.
1992c, 1996a, 1998a). Iron oxyhydroxides have not been observed in fractures at
Olkiluoto, even at shallow depths, indicating extremely efficient redox buffering (Gehor et
al. 1996c; Pitkanen et al. 1998b).

Evidence for the rapid reduction of oxidising recharge waters has been obtained at research
sites at Aspo in Sweden and at Lac du Bonnet in Canada. Both of these sites have similar
geological and hydrogeological characteristics to the candidate sites in Finland with regard
to groundwater recharge and redox reactions. At Aspo, oxygenated water only penetrates
to a maximum of 100 m into the undisturbed bedrock (Rhen et al. 1997). Tunnel excavation
at the Aspo research site has caused increased inflow of recharge water along fractures
towards the tunnel. However, this has resulted in no effect on the redox conditions because
the recharge waters have a dissolved organic carbon (DOC) content that exceeds the
amount of dissolved oxygen. All of the oxygen in the recharge waters is rapidly consumed
by biological degradation of the DOC, and there is no clear relationship between recharge
rate and depth of penetration of oxygenated water (Banwart & Wikberg 1995; Banwart et
al. 1995). Rapid DOC degradation and lowering of Eh has also been observed at the Lac
du Bonnet research site (Gascoyne et al. 1997). Construction of a shaft into the bedrock
at the site has resulted in drawdown of the water table and rapid recharge conditions into
the shaft along fracture zones. Recharge reaches a depth of 200 m in under two months,
but the dissolved oxygen content and Eh in the recharge water are already significantly
lowered compared to the surface conditions. Stable, fully-reducing conditions are
estabb'shed by a depth of 260 m.

In summary, there is no evidence to indicate that oxidising groundwaters will penetrate to
the depth of the repository. The long-term redox-buffering capacity of the Fe2+-bearing
host-rock and bentonite will be supported by bacterial processes such as degradation of
DOC and sulphate reduction. As a "worst case" calculation, some disposal system
performance assessments have included a scenario where oxygenated water penetrates the
repository (e.g., Vieno et al. 1992; SKI 1996). However, even if oxygenated water were
somehow to bypass the host-rock, it would take on the order of 90,000 years to oxidise all
of the Fe2+ in the bentonite surrounding the canister, assuming homogeneous flow and
diffusion into the bentonite (Ahonen & Vieno 1994). Therefore, reducing conditions would
be maintained at the canister surface, even in the event of any short-term redox
perturbations in the host-rock.

Bentonite/Canister Chemical Environment

At the bentonite-canister interface, the aqueous chemistry will reflect the interaction of the
groundwater with the bentonite mineralogy. The Na-bentonite specified in the repository
design is primarily composed of montmorillonite clay (a dioctahedral smectite), and may also
contain soluble impurities of quartz, calcite, gypsum and halite. The naturally-occurring
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Wyoming MX-80 Na-bentonite contains 10%, 1.4%, 0.34% and 0.0067% of these
impurities, respectively (Wieland et al. 1994).

At low bentonite-to-water ratios and at early stages in the porewater evolution, the pH of
the porewater will be buffered at alkaline values by dissolution of the readily-soluble calcite
impurities in the bentonite. Experimental investigations have shown initial pH values of over
10 for the bentonite porewater (Aaltonen & Varis 1993). This is consistent with
thermodynamic model predictions of the pH, assuming buffering by calcite dissolution in a
closed system (Wanner et al. 1992; Liu & Neretnieks 1997). Thermodynamic models that
include additional acid-base reactions on the clay mineral-edge surface sites predict a slightly
lower initial pH value of between 8 and 9 (Wieland et al. 1994). Such pH values have been
measured in porewaters extracted from bentonite that has been equilibrated with fresh and
saline groundwaters for around 300 days (Muurinen 1997). Allowing for dissolution of
gypsum impurities further decreases the initial pH predicted by thermodynamic models
(Muurinen & Lehikoinen 1997).

Over time and at higher bentonite-to-water ratios, ion-exchange reactions and surface
reactions between the porewater and clay minerals will increase in importance, and the pH
will slowly decrease (Figure 4.2). Calcium is the dominant dissolved cation in the bentonite
porewater and exchange of calcium for sodium is the dominant ion-exchange reaction in the
bentonite at neutral to alkaline pH. Allowing for Na-Ca ion-exchange reactions and for
acid-base reactions on the montmorillonite clay mineral-edge surface sites, Wieland et al.
(1994) predicted long-term buffering of the pH at around values of pH 7 to 8, dropping to
below 7 on exhaustion of the calcite in the bentonite (Figure 4.2). The final pH was
predicted to be slightly lower in more saline groundwaters. Models that account for ion-
exchange reactions but not acid-base reactions predict a slightly higher long-term pH (e.g.,
Wanner et al. 1992). Such long-term model predictions cannot be corroborated by
experimental investigation. However, the differences between these model pH predictions
is not significant in terms of canister corrosion rates.

Calcium in the bentonite porewater will be supplied from the groundwater diffusing into the
bentonite and by the dissolution of calcite in the bentonite. Gradually, the calcite in the
bentonite will become exhausted and Ca-Na ion-exchange will slow. The depletion of
calcite will be slower and the overall Ca-Na ion-exchange process will be accelerated in the
presence of a Ca-rich groundwater (Figure 4.2). Therefore, bentonite will alter more
quickly in the present-day Hastholmen and Olkiluoto groundwaters than in the Kivetty and
Romuvaara groundwaters. However, the slow movement of ions by diffusion through the
bentonite and limited flow in the adjacent host-rock means that only a few percent of the
Na-bentonite will be altered to Ca-bentonite over the first 10,000 years at any of the
candidate sites (Wanner et al. 1992; Wieland et al. 1994; Liu & Neretnieks 1997).
Furthermore, the groundwaters at Hastholmen and Olkiluoto will become more dilute with
time as a result of isostatic land uplift. In summary, the Na-bentonite is expected to
maintain its mechanical and hydraulic properties (see Section 4.2) for hundreds of thousands
of years at all four candidate sites.
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Figure 4.2 Evolution ofpH (solid line) in compacted Na-bentonite porewater as a function
of water exchange cycles. Each cycle represents attainment of chemical equilibrium
followed by complete replacement of the porewater with afresh batch of (a) Allard (i.e.,
dilute, Romuvaara- and Kivetty-type) water, and (b) Ca-rich Aspo (i.e., more saline,
Olkiluoto- and Hdstholmen-type) water. One cycle represents around 13,800 years for the
Swedish repository design. Because of similar materials and emplacement practice, the
timescales can be expected to be similar for the Finnish repository. The dashed line shows
the corresponding depletion of calcite. Note that the exact long-term pH values are not
corroborated by experimental investigation and are uncertain. From Wieland et al.
(1994).
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Another alteration reaction of Na-bentonite that can occur is conversion of smectite clay by
potassium ions in the groundwater to illite (a non-expandable hydrated mica). However,
calculations have shown that with the low availability of potassium in crystalline basement
groundwaters and at a repository temperature well below 130°C (see design criteria in
Section 2.1), this process will not be significant over hundreds of thousands of years (SKB
1995a). The longevity and stability of bentonite with regard to mineralogy, swelling
pressure, and hydraulic conductivity have been confirmed by study of naturally-occurring
deposits, such as the Gotland bentonites (e.g., Pusch & Karnland 1988).

Na-bentonite forms a stable gel in contact with groundwater containing dissolved cations,
such as sodium and calcium, and this prevents release of clay particles as colloids through
chemical erosion of the bentonite (Le Bell 1978). Calcium cations are more effective than
sodium cations in stabilising the gel because of their higher charge. Furthermore, low
groundwater flow rates adjacent to the bentonite in the deposition holes and tunnels makes
physical erosion of the bentonite at the rock interface unlikely (NAGRA 1987).

Groundwater Chemical Environment

The principal groundwater compositions at each of the candidate sites are summarised in
Section 2.2. The groundwater composition at repository depth reflects a mixture of
recharge composition, groundwater mixing, water-rock-microbe reaction, and residence
time. The relative contribution of these factors has the potential to change during normal
evolution. Furthermore, the composition of recharge has the potential to change.
Compositional changes are resisted by water-rock reaction and long residence time.
Groundwater salinity tends to increase with depth as a result of water-rock reaction (e.g.,
Ruotsalainen & Snellman 1996). The different lithologies and fracture mineralogies at the
candidate sites tend to impose slightly different chemistries on the deep groundwaters (e.g.,
Pitkanen et al. 1992c; Ruskeeniemi et al. 1996). Extremely old, saline groundwaters are
present just below repository depth at Olkiluoto and Hastholmen. Such groundwaters are
probably located at much greater depths at Romuvaara and Kivetty, below the level of
current site investigations.

Given the cyclical nature of climatic driving forces, the patterns of chemical compositional
change during normal evolution can be expected to reflect the variation with depth presently
observed at the candidate sites. At Romuvaara and Kivetty, the recharge composition has
remained consistently dilute over the last tens of thousands of years while, at Olkiluoto and
Hastholmen, it has changed in salinity and sulphate content in response to sea-level changes
and seawater composition (Ruotsalainen & Snellman 1996; Snellman et al. 1998). Over
time, as land uplift and meteoric forces continue to drive groundwater flow, these changes
in the recharge signature seen at Olkiluoto and Hastholmen could penetrate to the depth of
the repository. Modelling by Laitinen & Lofman (1996) has shown that the saline
groundwater currently at repository depth at Olkiluoto could begin to be replaced by the
presently overlying brackish water at around 10,000 years. Fresher conditions at repository
depth will be initiated along fracture zones. The same modelling work showed little
associated change in the groundwater flow rate at repository depth.
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Over a few decades following repository closure, the groundwater will react with fracture
minerals to restore reducing conditions. Any oxidised fracture coatings formed during the
construction and operating phases will react, dissolve or become protected by precipitation
of coatings of more stable mineral assemblages. At Romuvaara and Kivetty, the
groundwater chemistry at repository depth currently reflects a steady-state condition
controlled by dilute recharge reacting with the rock and organics during infiltration.
Therefore, until the next major glacial period and associated change in recharge rate, the
groundwater at repository depth will remain similar to that observed now, i.e., dilute. At
Olkiluoto and Hastholmen, there will be changes in salinity and composition (e.g., sulphate
content) as the different phases of past recharge, currently observed in the groundwater
system as compositional layers, penetrate to repository depth.

Meltwater and sea-level changes associated with future glaciations will introduce further
compositional layers of dilute and saline groundwater to the groundwater systems. The
exact effects of glaciation will depend on the position of the sites with respect to the
changing shoreline. During deglaciation, rapid recharge of meltwater through dilated
fractures may further dilute the systems at Romuvaara and Kivetty. Olkiluoto and
Hastholmen are certain to experience a period of saline groundwater recharge during
periods of higher sea-level. Kivetty remained above sea-level during the last glacial cycle,
and there is no evidence for recharge of saline groundwater; a deep source of salinity,
possibly related to hydrothermal activity, is evident however (Ruotsalainen & Snellman
1996; Pitkanen et al. 1998a). Higher sea-levels than observed during the last cycle are likely
over the next million years. Therefore, Kivetty is likely to receive saline recharge at some
time in the far future. Whether the saline recharge will penetrate to repository depth,
however, will depend on the duration of the recharge phase, the rate of subsequent dilution
by fresher recharge, and the local and regional hydrological conditions.

4.1.2 Chemical corrosion

Because the bentonite placed around the canister is partially saturated on emplacement,
corrosion of the copper outer-canister by dissolved oxygen in moisture adjacent to the
canister is likely to start immediately. The principal reaction will be oxidation of copper(O)
by molecular oxygen. In pure water, this would form copper(II)oxide or, if oxygen is
limited, copper(I)oxide:

2Cu+O2 - 2CuO

4Cu+O2 - 2Cu2O

However, depending on the composition of both the bentonite and the groundwater that
infiltrates the bentonite, a variety of other ions may be present in the bentonite porewater,
such as hydroxide, chloride, sulphate, and carbonate ions. Significant concentrations of
these ions will favour the formation of other copper(II)-bearing solid phases on the canister
surface over pure copper(II)oxide (Aaltonen & Varis 1993; Amcoff & Holenyi 1996). For
example, carbonate ions supplied from dissolution of calcite in the bentonite may favour the
formation of malachite (Wersin et al. 1994b). The solid phases (oxides) will form a layer
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on the surface of the canister and hinder diffusion of solutes and electron transfer. This will
slow the reaction rate. King et al. (1997) have shown the overall rate-controlling process
to be the diffusion of dissolved copper(II) ions away from the corroding surface, rather than
the diffusion of dissolved oxygen to the canister surface. The majority of oxygen introduced
during excavation activities will ultimately be consumed by faster reactions than canister
corrosion, such as the oxidation of pyrite in the bentonite (Wersin et al. 1994a; Ahonen
1995).

Under certain chemical conditions (intermediate pH, high electrochemical potential, low
salinity [e.g., Eriksson & Hermansson 1997]), inhomogeneities or defects in the layer of
reaction products covering the unreacted copper might lead to development of localised,
separate anodic and cathodic environments at the surface of the canister. Preferential
dissolution and removal of copper in the cathodic region could lead to localised pitting of
the surface (Sjoblom et al. 1995). Calculations of the probable depth of corrosion occurring
while oxidising conditions persist in the repository are a uniform depth of 0.5 urn, with the
potential for pitting to increase this to 250 urn (Wersin et al. 1994b; SKB 1995a). Using
conservative estimates for diffusion rates and pitting factors could increase these depths by
a factor of 10, to 2.5 mm. However, this is inconsequential with regard to the outer
canister's total thickness of 5 cm, and will not threaten the integrity of the canisters. The
calculations of canister performance under oxidising conditions have been shown to be
unaffected by unsaturated conditions in the bentonite early in the corrosion history (King &
Kolaf 1997).

After a period of between 7 and 280 years (see Section 4.1.1; Wersin et al. 1994a), reducing
conditions will have been restored at the bentonite-canister interface. Corrosion will
continue principally through the formation of copper sulphide (e.g., Ahonen 1995):

2Cu+HS+H2O - Cu2S+H2+OH

The sulphide will be supplied in the bentonite porewater initially through dissolution of
sulphide impurities in the bentonite. The dissolved sulphide concentration in the alkaline
bentonite porewater at each of the candidate sites will be limited to values less than around
1 mg/1 by the solubility of iron sulphides (Ahonen 1995). Depletion of the sulphides in the
bentonite will take hundreds of thousands of years (Werme et al. 1992). Following removal
of all of the sulphide in the bentonite, sulphide will be supplied through microbial reduction
of sulphate in the groundwater. The inorganic reduction of sulphate in the groundwater in
the presence of dissolved Fe2+ from the bentonite will be of secondary importance (Grauer
1991). Sulphate-reducing bacteria have been found at all four candidate sites (Haveman et
al. 1998), and these bacteria supply the dissolved sulphide currently observed in the
groundwaters at the candidate sites. The present-day sulphide content of the groundwaters
at the four candidate sites is typically 0.1 to 1.0 mg/1, with a maximum of several mg/1
(Ruotsalainen & Snellman 1996). Such a groundwater sulphide concentration can be
expected to persist throughout the evolution of the disposal system as bacterial populations
will remain viable. Higher sulphide concentrations could only be produced locally by high
sulphate concentrations and the action of sulphate-reducing bacteria adjacent to the canister
surface (Ahonen 1995). However, because of the high compacted density of the bentonite
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and consequent low water activity, bacterial populations will not be viable at the bentonite-
canister interface, thereby preventing the occurrence of locally high sulphide concentrations
(Pedersen et al. 1995; Stroes-Gascoyne et al. 1996, 1997).

A lifetime of 18 million years for the copper outer-canister has been calculated assuming a
sulphide concentration of 1 mg/1 and a conservative flow rate of 15 I/year of groundwater
onto the canister surface (Vieno et al. 1992). The corrosion of a copper-rich cannon buried
for hundreds of years in a clay-rich sediment has been reported as a natural analogue for the
slow and uniform rate of copper corrosion under reducing conditions (Hallberg et al. 1988).

Several processes have been proposed that could affect corrosion rates and/or depths under
reducing conditions, including the formation of sulphide whiskers, corrosion by chloride in
saline groundwaters, internal corrosion by nitric acid, and the localisation or focussing of
corrosive attack by defects in the canister or stress (SKB 1995b). However, none of these
processes could significantly add to the rate of corrosion penetration, as discussed below:

• Sulphide whiskers. Unlike the oxide layers under oxidising conditions, the copper
sulphide layers that form on the surface of the canisters under reducing conditions
are good conductors of copper ions and electrons. Therefore, formation of
corrosion pits will not occur. However, if copper from the canister migrates to the
outer surface of the sulphide layer faster than sulphide is supplied by diffusion
through the bentonite, copper sulphide growth might occur at specific locations,
forming outgrowths from the canister surface. These outgrowths into the bentonite
surrounding the canister have been termed sulphide whiskers (Sjoblom et al. 1995).
Formation of outgrowths could focus corrosive attack on the canisters by
preferential dissolution of copper from the canisters at specific locations at the base
of the outgrowths. However, no evidence has been found for this process in natural
aqueous environments (SKB 1995b; Amcoff 1998).

• Chloride in saline groundwaters. Chloride also has the potential to increase the
corrosion of copper through the formation of aqueous copper chloride complexes.
However, the effects of this process at the pH and chloride concentrations expected
in the repository near-field are very small (Taxe"n 1990; Ahonen 1995). Increased
salinity actually slows corrosion in the presence of oxygen (King et al. 1997).

• Internal corrosion. Nitric acid could be formed through radiolysis of air in the
canister in the presence of water vapour. However, use of an inert gas during
preparation of the canister will minimise the presence of water vapour and will
prevent production of internal corrosive reagents through radiolysis (SKB 1995a).

• External corrosion by oxidants. Radiolysis of the water outside the canister can
produce oxidising compounds that can contribute to the corrosion of the canister.
However, the copper outer-canister thickness is designed such that radiolytic
production of oxidants outside the canister is negligible (see design criteria in
Section 2.1; Christensen & Bjergbakke 1982).
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• Localised orfocussed corrosion. Quality checks will ensure the absence of defects
in the canister surface that could act as a focus for localised or crevice corrosion.
The copper outer-canister will be subjected to mechanical stress following closure,
and to stresses caused by thermal expansion and contraction (see Sections 4.2 and
4.3). However, the use of a high purity, oxygen-free copper and the reducing
chemical conditions expected in the repository make stress corrosion cracking
(SCC) unlikely (KBS 1983; Benjamin et al. 1983; Mattsson 1995).

In summary, the combined effects of oxic and anoxic corrosion will not lead to penetration
of the copper outer-canister for millions of years (e.g., Werme et al. 1992; Wersin et al.
1994b; Sjoblom et al. 1995). Corrosion rates under oxidising conditions are much faster
than those under reducing conditions (e.g., Wersin et al. 1994b; Aaltonen & Varis 1993),
and the expected lifetime of a canister would be reduced if oxidising conditions were to
prevail in the repository, other than for the short period following closure. However, as
discussed above (Section 4.1.1), rapid recharge of glacial meltwater is not expected to
introduce oxidising conditions in the vicinity of the canisters and the effects of any such
event would be short-lived. A "worst-case" calculation, assuming a dissolved oxygen
content similar to that in glacial meltwater, has shown that the canisters would remain intact
for 100,000 years under permanently oxidising conditions (Ahonen & Vieno 1994).

4.1.3 Gas generation

In the absence of penetration of the canisters by groundwater, there is little potential for
large amounts of gas generation in the near-field. Helium gas will form in the canisters
through a-decay of the fuel and helium gas pressure will build up very slowly. This pressure
could eventually overcome the ductility or creep of the copper outer-canister and cause
rupture. On the basis of a void space of around 20 litres in a canister filled with molten lead,
SKB (1991) calculated that it would take millions of years for rupture to occur by this
mechanism. However, void space in the two Finnish canister designs is 530 and 870 litres
(Raiko 1997), and so the pressurisation process will take much longer. Therefore,
penetration of the canisters through anoxic corrosion under reducing conditions will occur
before rupture of the canisters owing to helium gas generation.

Outside the canisters, some hydrogen will be produced during sulphide corrosion of the
copper surface. Gamma radiation emitted from the canisters will also produce hydrogen
through radiolysis of water. Under high production rates, the hydrogen could exceed its
solubility and form gas bubbles. Neretnieks & Ernstson (1994) have proposed that
migration of such gas bubbles could erode the bentonite in the deposition holes by
transporting small clay particles from the bentonite that become attached to the bubbles at
the gas-water interface. However, the thicknesses of the insert wall and copper outer-
canister are designed to keep the maximum dose rate on the outer surface of the canister to
below 500 mSv/h or 0.5 Gy/h (Section 2.1; Raiko & Salo 1996), and the intensity of the
gamma radiation will decrease with time.

Christensen & Bjergbakke (1982) calculated total hydrogen production due to radiolysis
outside canisters containing either Boiling Water Reactor (BWR) fuel with a burn-up of 33
MWd/kgU or Pressurised Water Reactor (PWR) fuel with a burn-up of 45 MWd/kgU.
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These burn-ups are comparable to the Finnish spent fuel. With a 10-cm-thick copper outer-
canister, both fuels produced 0.15 moles of H2 outside the canister in the first 100 years
after emplacement. With a 1-cm-thick copper outer-canister, the BWR fuel produced 1
mole of H2 in the first 100 years (the calculation for PWR fuel was not presented). The
Finnish waste canisters have a 5-cm-thick copper outer-canister and a minimum 5.8-cm-
thickness for the iron insert (Raiko 1997). Therefore, they can be expected to produce
similar amounts of hydrogen to those predicted by Christensen & Bjergbakke (1982).

The initial hydrogen production rate due to radiolysis decreased by four orders of magnitude
over the first 500 years of the canister lifetime (Christensen & Bjergbakke 1982).
Therefore, total hydrogen production due to radiolysis while the canisters remain intact will
not exceed a few moles per canister. The solubility of hydrogen at 5 MPa and 60°C is 3.7
x 10"2 moles/I (Johnson et al. 1994). Each canister is surrounded by 11 m3 of bentonite clay
(Figure 2.1) and, assuming a porosity of around 0.2, this equates to a volume of 2,200 I of
bentonite porewater around each canister. This is a sufficient volume of bentonite
porewater to dissolve over 80 moles of hydrogen, well in excess of the amount of hydrogen
that will be produced outside the canisters by radiolysis.

While oxidising conditions exist in the near-field, microbes may degrade organic material
dissolved in the groundwater to give carbon dioxide. There is a small amount of dissolved
organic material naturally present in groundwaters, largely as a result of soil-water
interaction during recharge. Other potential sources in the near-field include leaching of
organic material from bentonite and any material left behind following excavation and
operation of the repository. However, bacteria find it difficult to degrade the organic carbon
naturally present in clay (Sheppard et al. 1996). This is illustrated by the presence of
organic material in unconsolidated clays that have existed for thousands of years under
anaerobic conditions. Therefore, the supply of organic material in the near-field will be
small and the carbon dioxide produced will be able to dissolve in the groundwater and may
be precipitated as carbonate minerals.

Under reducing conditions, the degradation of organic matter will become anaerobic and
may produce methane as well as carbon dioxide. However, methane production in the
backfill will be inhibited by the preferential reduction of organic matter by sulphate-reducing
bacteria (SRB). The activity of SRB will be promoted by high sulphate content in the
backfill porewaters arising from sulphate in the groundwater and gypsum impurities in the
backfill (Sheppard et al. 1997).

Bacterial populations will not be viable in the compacted bentonite around the deposition
hole (Pedersen et al. 1995; Stroes-Gascoyne et al. 1996, 1997), and so significant organic
degradation and consequent microbial gas generation will not occur in the vicinity of the
canister.

4.1.4 Cement Seals

Cementitious material used in seals or as fracture grouts will react with groundwater and
gradually degrade. The groundwater will migrate through the pores in the seals, leaching
material and slowly dissolving the cement. The order in which material is leached from the
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cement will depend on the relative solubilities of the different cement materials. Initially, the
readily soluble alkalis (Na and K) in the cement will dissolve and the pH of the porewater
in contact with the cement will be chemically-conditioned by Na- and K-hydroxides to a pH
> 13. As the alkali content of the cement becomes exhausted, calcium hydroxide (Ca(OH)2)
and calcium-silicate-hydrates (C-S-H) in the cement will start to dissolve and the equilibrium
pH of the porewater will be around 12.5. As more of the cement degrades over time,
Ca(OH)2 will become exhausted and the Ca/Si ratio of the C-S-H will decrease owing to
incongruent dissolution and preferential release of Ca. As the Ca/Si ratio decreases, the pH
of the porewater in equilibrium with the C-S-H phases will gradually decrease from around
12.5 to around 10.5 (e.g., Atkinson 1985, Berner 1990).

The timescales for this process will depend on the permeability of the cement, the
groundwater flow rate, and the groundwater composition. High magnesium, ammonium,
carbonate and, to a lesser degree, chloride and sulphate contents in the groundwater will
accelerate degradation rates (e.g., Berner 1990). Conversely, high calcium and silica
contents in the groundwater will tend to slow degradation. At the two coastal candidate
sites, the more saline and ammonium-rich brackish groundwaters will probably be more
corrosive over the long-term towards cement-based seals than the groundwaters at the two
inland candidate sites. However, experimentally-determined leaching rates suggest that the
pH will remain above 10.5 for at least 1 million years in a cement-backfilled repository under
saline groundwater conditions (Atkinson et al. 1987). As a minimum estimate for the
duration of elevated pH in cement seals, the longevity of the effectiveness of the
cementitious seals has been shown to be in the order of tens of thousands to hundreds of
thousands of years (Alcorn et al. 1992).

As the cement-conditioned alkaline water migrates, it will react with other seal components,
such as bentonite, the host-rock and backfill. These reactions will gradually remove the
chemical signature of the alkaline cements from the water and lower the pH (e.g., Lichtner
& Eikenberg 1994). In doing so, reacting minerals will dissolve and new minerals may be
precipitated creating a zone of altered mineralogy around the seal system. The extent of the
alkaline plume and the zone of altered mineralogy will depend on the amount of
cementitious material in the seal, the groundwater flux, and the reactivity of the host-rock.
Fractures in the host-rock may become sealed by precipitating minerals, thereby limiting the
migration of the plume (Haworth & Noy 1995). The low conductivity of the backfill
material and the low ratio of the volume of seal material to the volume of backfill and host-
rock mean that the chemical effects of the seal systems can be expected to extend only for
short distances, and any plume will not affect the chemical environment of the deposition
holes and canisters.

Because of their different mineralogy, both the seal and the altered zone around it will have
different hydraulic and chemical properties to the surrounding backfill and host-rock. Once
the cementitious material has been completely degraded and the chemical effect of the
cement on the groundwater has ceased, the mineralogy of the seal system and altered zone
will be out of equilibrium with the in-situ groundwater. Therefore, the mineralogy of the
altered zone will react and tend to revert towards the mineralogy present elsewhere in the
near-field.
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4.2 Hydro-Mechanical Evolution

Repository construction and operation will cause a major stress redistribution in the vicinity
of the repository. Following closure, the near-field will undergo further lithostatic and
hydrostatic pressure changes because of resaturation of the repository host-rock and
swelling of the bentonite in the deposition hole and the backfill. The timescale for
resaturation in the host-rock and EDZ will depend on the hydraulic conductivity, but the
process is expected to take at least one year (SKB 1995a). Bentonite resaturation will be
driven by the surrounding groundwater pressure and the capillary pressure drawing water
into the bentonite; it will be opposed by the bentonite's swelling pressure.

The bentonite will already be partially saturated with low-salinity water prior to
emplacement around the canister. The repository design will ensure that groundwater flow
is towards the deposition hole following repository closure. This will prevent complete
drying-out of the bentonite. However, water inflow through the EDZ surrounding the
deposition hole may occur unevenly. Furthermore, heating from the canister may cause
localised dehydration of parts of the bentonite. These processes could lead to a short-lived
heterogeneity in the swelling of the bentonite.

The canister is designed to withstand shear stress caused by any spatial variation in swelling
pressure due to uneven saturation and thermal effects. Slight settling and tilting of the
canister might also lead to uneven strain and axial shear stress on the copper outer-canister.
However, the ductility of the copper is sufficient to withstand the calculated shear stresses
without cracking (Auerkari et al. 1991; Shen & Stephansson 1996; Raiko & Salo 1996).
Overall, the canisters are designed to withstand an evenly distributed load of 7 MPa
hydrostatic pressure and 13 MPa lithostatic pressure from the bentonite and rock (see
Section 2.1; Raiko & Salo 1996). The swelling pressure imposed by the bentonite will
compress the canister and close the gap between the copper outer-canister and the iron
insert (Borgesson 1992).

The total time for saturation and swelling of the bentonite will be on the order of ten years
(SKB 1995a). On saturation, water and clay particles in the bentonite will be redistributed
so that the dense clay particles expand and thin layers of clay are released to the shrinking
pores. This will result in a reasonably homogeneous microstructure in which clay gels
connect expanded, but still dense, clay particles. The homogenisation process will last for
a similar period as the saturation period, i.e. around ten years (SKB 1995a). The ability of
the bentonite to achieve the desired swelling pressure can be reduced if the resaturating
groundwater is saline. However, above a saturated bentonite density of around
2.0x103 kg/m3, the reduction in swelling pressure over that achieved in dilute groundwater
is small (Pusch et al. 1990; Karnland 1998).

Bentonite is also included in the tunnel backfill to create a swelling pressure on repository
closure and to seal the interface between the backfill and the EDZ. Swelling of the bentonite
in both the backfill and the deposition hole may force the extrusion of bentonite into
fractures in the surrounding EDZ, thereby reducing their hydraulic conductivity. At the
same time, the EDZ will be adjusting to the lithostatic pressure and the pressure exerted by
the swelling backfill. This adjustment is likely to occur by minor movement along fractures
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in the first few years following closure. This will be followed by closure and subsequent
dilation of the fractures as the rock mass expands and contracts in response to the thermal
pulse caused by the waste (see Section 4.3).

As well as stress or loading due to swelling of the bentonite, elevated temperatures and
glaciation will exert a significant loading on the repository during normal evolution. Shen
& Stephansson (1996) have calculated the stress distribution, stress magnitude and fracture
displacement that could occur in a Swedish-type spent fuel repository as a result of
repository excavation, swelling of emplaced bentonite, thermal loading due to heat release
from the spent fuel, and glaciation. The calculations were performed using a three-
dimensional fracture network model and by assuming the intact rock between the fractures
to behave as an elasto-plastic material. Because of the similarities between the Swedish and
Finnish repository concepts, the results of the calculations by Shen & Stephansson (1996)
are also applicable to a Finnish repository.

• Thermal loading. Shen & Stephansson (1996) have calculated that the maximum
principal stress on the tunnels and deposition hole in a repository is imposed by
thermal loading around 200 years after deposition (Event 5 in Figure 4.3). The
stress changes associated with this peak in principal stress could cause a maximum
shear displacement in the rock fractures of around 1 mm (Figure 4.4). This is well
below the displacement level at which the canisters in the deposition holes will fail.
When surrounded by 350 mm-thick bentonite in the deposition hole, the canisters
can withstand shear movements of up to 100 mm (Raiko & Salo 1996).

• Glaciation. During glaciation, the hydrostatic pressure on the canister could
increase by 30 MPa, assuming a thickness of 3 km of ice supported by the
groundwater. The canister has been designed to withstand such a load (see Section
2.1; Raiko & Salo 1996). The candidate Finnish sites will experience a maximum
ice thickness of less than 3 km of ice during the next glaciation in 55,000 to 70,000
years (Section 3.1). In addition to hydrostatic loading, Figure 4.4 shows that the
combined effects of thermal loading (Events 4 to 7) and glaciation (Events 8 and 9)
may cause a shear displacement in fractures of 1 mm. As noted above, this is not
sufficient to threaten the integrity of the canisters (Raiko & Salo 1996).

Shear movements of 300 to 400 mm, and possibly down to 100 mm, in fractures intersecting
the deposition hole may be sufficient to break the canister (SKB 1992a; Raiko & Salo
1996). La Pointe et al. (1997) have shown that, in a "worst-case" scenario, such
movements may be created in secondary fractures during large-scale, post-glacial activity
on faults. For a fault over 1 km away from the repository, sufficient movement on the fault
to give an earthquake of magnitude 8.2 on the Richter Scale would be required for
movement on the secondary fractures to threaten the integrity of the canisters. However,
the candidate Finnish sites are remote from the region in Fennoscandia where conditions are
suitable for large post-glacial faults to form (Section 3.2). Furthermore, earthquake activity
of magnitude 8.2 would exceed the maximum activity estimated to have occurred in the
region of post-glacial faulting during previous glacial retreats. Therefore, post-glacial
faulting will not threaten the integrity of the canisters in a repository at any of the four
candidate sites in Finland.
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Figure 4.3 Calculation of the variation of principal stress with different loading events
at two locations of a Swedish-type repository: (a) in the wall at the midheight of the
deposition hole; (b) in the roof of the tunnel. Calculations were made using a fracture
network model and assuming elasto-plastic behaviour of the intact rock between the
fractures. From Shen & Stephansson (1996).
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Figure 4.4 Variation of shear and normal displacement of fractures corresponding to the
loading events and shear stresses shown in Figure 4.3: (a) maximum fracture shear
displacement; (b) maximum normal displacement (positive value indicates fracture
closure). From Shen & Stephansson (1996).
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4.3 Thermal Evolution

The temperature rise in the repository generated by radioactive decay of the spent fuel has
been calculated by Raiko (1996). In the repository design, the minimum distance between
canisters is set to meet the thermal constraint of a maximum temperature at the canister
surface of 100° C. The maximum temperature will be reached between 10 and 20 years after
disposal (Figure 4.5; Raiko 1996). Elevated temperatures will continue to persist for
thousands of years. The maximum temperature of 100°C is calculated assuming dry
bentonite surrounding the canister. Early saturation of the bentonite is likely to reduce this
maximum by up to 15°C.
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Figure 4.5 Typical maximum temperature history of a disposal canister. From Raiko &
Salo (1996), after Raiko (1996).

The heat from the waste will gradually dissipate through the near-field, largely by
conduction. All the near-field materials will experience a period of heating and a subsequent
period of cooling. The materials nearest to the waste will be the first to be affected and will
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experience the highest temperatures. As the materials heat up, all will undergo a degree of
thermal expansion, followed by contraction as the temperature decreases.

The high thermal conductivity of the metals in the canister will ensure a homogeneous
temperature distribution inside them. The copper outer-canister will expand more than the
iron insert because of a higher thermal expansion coefficient. Under unconfined conditions,
this could increase the width of the gap between the insert and the outer-canister by up to
20%. However, the contemporaneous swelling of the bentonite around the canister will
compress the ductile copper and keep the gap closed (see Section 4.2).

Over thousands of years, as the canister cools, the copper will shrink more rapidly than the
iron, causing tensile strain in the copper. The increase in tensile strain has been calculated
to be around 0.05%, which is two orders of magnitude less than the design requirement on
the copper outer-canister. Therefore, thermally-induced strain will not threaten the integrity
of the copper outer-canister (see Section 2.1; Raiko and Salo 1996).

The temperature rise in the near-field will not adversely affect the performance of the
bentonite buffer. The mineralogical and chemical properties of the bentonite in the
deposition hole will not be affected by temperatures below 130°C (Pusch et al. 1991; SKB
1995a). This is verified by investigation of bentonite from a depth of around 500 m at
Hamra on the island of Gotland (SKB 1992b). The Hamra bentonite is 450 Ma old and has
been heated to temperatures of 110-120° C for at least 10 Ma during its geological history
without any signs of cementation or significant deterioration. There will be a slight thermal
expansion of the bentonite, but this will be a minor effect in comparison to development of
the swelling pressure on saturation. Thermally-induced stresses will tend to break up the
expanded clay particles in the bentonite and lead to further homogenisation of the
microstrucrure (see Section 4.2). Higher temperatures will promote faster reaction rates in
the bentonite and faster canister corrosion rates, but the effects will not be significant for the
temperature rises expected. Higher reaction rates between oxygen and pyrite in the
bentonite will decrease the duration of the oxic period in the first few tens of years following
repository closure (see Section 4.1.1).

The thermal effects of the repository will be observed at the surface after several hundreds
to thousands of years (e.g., Hakami et al. 1998). Heat flows will be low compared to the
solar energy flow (see Section 3.1.2), but will be slightly elevated compared to the current
average crustal heat flow in Finland (around 0.3 W/m2 [Tarandi 1983] compared to around
0.05 W/m2; [Balling 1990; Kukkonen 1995]). Thermal uplift of the ground surface above
the repository on the scale of a few centimetres to tens of centimetres is possible (Hakami
et al. 1998). Thermal stresses induced in the rock mass will not be sufficient to threaten
canister integrity (Figure 4.4a). However, expansion and subsequent contraction of the rock
mass will cause fractures to constrict and then dilate, with accompanying shear displacement
(Figure 4.4b). Hakami et al. (1998) have calculated maximum fracture displacements in the
range from 0 to 5 cm. The combination of thermal expansion and fracture displacements
will actually cause a reduction in stress of the rock mass at shallow depth. Consequently,
the maximum calculated fracture opening displacements occur near to the surface (Hakami
et al. 1998).
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Deep groundwaters at all four candidate sites are generally saturated with respect to calcite,
and the solubility of calcite decreases with increasing temperature. An increase and
subsequent decrease in temperature may cause the precipitation and subsequent re-
dissolution of calcite in fractures in the host-rock. Conversely, groundwaters at the
candidate sites are close to saturation with respect to chalcedony and, in the more saline
groundwaters, quartz. Silicate solubility tends to increase with temperature, and so an
increase in temperature will lead to an increase in dissolved silica concentrations, and silica
may precipitate on cooling.

The temperature rise will have a buoyancy effect on groundwater flow in the vicinity of the
repository. This effect has been evaluated for the Veitsivaara site by Lofman (1996b) using
the FEFLOW code (Lofman & Taivassalo 1993). Based on these calculations, thermal
buoyancy will peak around 400 years after closure, but will be insufficient to overcome the
groundwater flow gradients imposed by the topography.

4.4 Site-Specific Differences in Near-Field Evolution

The characteristics of the four candidate sites for spent fuel disposal have been summarised
in Section 2.2. The hydraulic conductivity of the host-rock and groundwater flux at the sites
will partly determine the time taken for resaturation of the near-field and for re-
establishment of reducing conditions in the host-rock. The hydraulic conductivities and
mineralogies of the fractures at the sites will partly determine the depth of penetration of
oxidising glacial meltwaters. The thermal properties of the host-rock at the sites will
influence the distribution and duration of elevated temperatures in the near-field. However,
there are no clear differences in the hydraulic and thermal characteristics between the four
candidate sites to justify expectations of a significantly different near-field evolution to that
described in Sections 4.1 to 4.3.

The evolution of the groundwater chemistry at repository depth in the host-rock will be
different at the four candidate sites. The coastal sites of Olkiluoto and Hastholmen currently
have groundwaters that are more saline at repository depth than the inland sites of
Romuvaara and. Kivetty. The salinity at repository depth at the coastal sites is likely to
decrease over the next few thousand years as more dilute groundwaters penetrate deeper
into the bedrock in response to isostatic uplift. During successive climate cycles, marine
incursions will lead to periods of saline recharge at all four sites, with the periods being
relatively more frequent and/or prolonged at the present coastal sites of Olkiluoto and
Hastholmen.

The bentonite in the deposition hole will be compacted to a sufficient density to eliminate
the immediate effect that resaturation by a saline groundwater could have on the bentonite
swelling pressure. Over the long-term, groundwaters rich in calcium will increase the rate
of ion-exchange of calcium for sodium in the bentonite, thereby gradually lowering the
swelling pressure and lowering the pH of the bentonite porewater. Over millions of years,
saline, calcium-rich groundwaters will convert more of the Na-bentonite to Ca-bentonite
than dilute groundwaters will convert. Therefore, assuming the groundwater compositions
observed at the four candidate sites at present reflect the likely long-term average
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groundwater composition, the longevity of the Na-bentonite in the deposition holes at
Olkiluoto and Hastholmen will be less than that at Romuvaara and Kivetty. However, this
difference between the candidate sites will not become apparent for millions of years and,
therefore, will not result in significant differences between the containment performances
of the sites.

Over millions of years, the copper outer-canister will be corroded under reducing conditions
by the action of sulphide. For the first hundreds of thousands of years at all four candidate
sites, the sulphide will be supplied by dissolution of impurities in the bentonite in the
deposition hole. However, as the impurities in the bentonite are exhausted, continued
corrosion of the canisters will depend on the sulphide supplied in the groundwater. More
sulphide-rich groundwaters will be more corrosive. Sulphide in the groundwaters at the
candidate sites is generated largely by microbial reduction of sulphate and corresponding
oxidation of organic carbon. The brackish Olkiluoto and Hastholmen groundwaters are
sulphate-rich and might, therefore, be considered potentially more corrosive towards the
canisters than the dilute waters at Kivetty and Romuvaara. However, the Olkiluoto
groundwaters contain no more sulphide than the dilute groundwaters at Romuvaara, and the
Hastholmen groundwaters have low sulphide concentrations. This is because the
combination of sulphate content, iron content, organic matter content, microbe activity, and
sulphide solubility limit the maximum sulphide content of the groundwater, and not the
sulphate content alone. Therefore, the Olkiluoto and Romuvaara groundwaters are equally
corrosive towards the canisters, and there is thus no difference in normal evolution between
the sites.

Microbial populations are not viable in compacted bentonite because of the lack of available
water. However, as the bentonite in the deposition holes degrades, more water will
penetrate the bentonite and the viability of microbial activity in the vicinity of the canisters
will increase. The viability will also depend on the dissolved organic material and sulphate
nutrients supplied in the groundwater. The dissolved organic content of the groundwaters
at depth at all four candidate sites is low. The high sulphate content of the Olkiluoto and
Hastholmen groundwaters, and the thermogenic methane input at Olkiluoto may support
higher sulphate-reducing microbial populations than can be supported by the dilute
Romuvaara and Kivetty groundwaters. However, no significant differences between
present-day total microbial cell numbers at the four candidate sites has been observed (105

to 106 cells/ml; Haveman et al. 1998). Furthermore, apart from some minor additional gas
generation, microbial activity prior to canister penetration will not affect the normal
evolution of the near-field described above.

At the two coastal candidate sites, the more saline and ammonium-rich brackish
groundwaters will probably be more corrosive over the long-term towards cement-based
seals than the groundwaters at the two inland candidate sites. However, the seals will be
too remote from the canisters to affect the chemical environment at the bentonite-canister
interface. Chemical changes in and around the seals will not affect the overall normal
evolution of the other components of the near-field.
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5 Temporal Evolution

In this section, the normal evolution of the disposal system is summarised in terms of the key
events and processes that will occur within various time periods following repository
closure. The time periods described are 0 to 100 years, 100 to 10,000 years, 10,000 to
100,000 years, 100,000 to 1,000,000 years, and 1,000,000 years and onwards following
repository closure. Under each time period, an initial summary is given of the evolving
climatic and geologic conditions. This provides the background to a subsequent discussion
of the evolving conditions in the near-field of the repository itself. The summaries are based
on the more detailed descriptions given in Sections 2, 3 and 4, and the references therein.

To set the context for the summary and to re-iterate Section 1, normal evolution is
considered to mean that all of the canisters emplaced in the repository are initially intact.
It is also assumed that repository behaviour will not be significantly affected in the future
by human activity. The summary of the normal evolution given here is deliberately precise
and positive with regard to the timing and nature of the events and processes that will occur.
However, it should be remembered that there are uncertainties associated with the evolution
of the disposal system, and these uncertainties form the framework for the development of
the safety case calculations. Scenarios that consider the possible presence of defective
canisters and the deviation of the disposal system from the normal evolution described are
discussed and modelled in Vieno & Nordman (1996). The normal evolution scenario itself
is not modelled in detail for safety case purposes, because it does not result in any releases
of radioactivity over an assessment timescale of millions of years (Vieno & Nordman 1996).

Differences between the four candidate sites are highlighted where appropriate in the
following summary, but none of these differences result in any of the sites not behaving
according to the broad picture of normal evolution presented. Therefore, all of the
candidate sites can be considered to evolve as a 'normal' site.

5.1 0 to 100 years

Natural System

Surface conditions at the candidate sites will change only slightly in the next hundred years
as the climate responds to greenhouse gas emissions and other anthropogenic influences.
The annual average temperature is estimated to increase by 2-3 °C and precipitation by 10-
20%. Relative sea-level will remain essentially constant, as any rise in eustatic sea-level as
a consequence of global warming will be offset by continued land uplift following isostatic
depression during the last glaciation.

Repository System

Prior to backfilling, sealing, and closure of the repository, water within the rock around the
repository excavations will naturally drain into the repository and be replaced by surface air
introduced via the repository excavations. Following closure, the repository host-rock and
excavation-damaged zone (EDZ) will return to saturated conditions over one to a few years.
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Corrosion of the copper outer-canister will start immediately following emplacement under
the oxidising conditions created during the repository excavation. Bentonite in the
deposition hole will saturate and swell, thereby increasing the pressure on the canister and
closing the gap between the copper outer-canister and iron insert. The desired swelling
capacity and low hydraulic conductivity of the bentonite buffer will also be obtained in the
brackish and saline groundwaters at Hastholmen and Olkiluoto by ensuring that the density
of the compacted bentonite is sufficiently high, around 2.0x103 kg/m3 at saturation.

In addition to the bentonite in the deposition hole, swelling of the bentonite within the
backfill will create a tight seal between the backfill and the EDZ in the tunnels. The stress
distribution in the repository will adjust to the lithostatic stress and the swelling pressure of
the bentonite in the deposition hole and the backfill. There may be some movement along
fractures in the EDZ to accommodate the changes in stress. The fractures in the EDZ may
also become partially filled by the swelling bentonite.

Full resaturation and the subsequent homogenisation of the bentonite in the deposition hole
are expected to each take around ten years. Saturation and consequent swelling of bentonite
may be locally inhibited by the rise in temperature at the canister surface. The surface of the
canisters will reach a maximum temperature of 100°C around 10 to 20 years after repository
closure. As a result, there may be slight expansion of the canister and surrounding
bentonite. Thermal stresses will aid homogenisation of the bentonite microstructure.

The chemistry of the porewater in the bentonite surrounding the canister will reflect the
composition of the bentonite porewater on emplacement, the composition of the infiltrating
groundwater at each of the four candidate sites, and porewater-bentonite reactions. The pH
of the bentonite porewater will be buffered to alkaline values at each of the candidate sites
by dissolution of carbonate impurities in the bentonite. The buffered pH value will depend
partly on the salinity of the infiltrating groundwater, probably being above 9 in the dilute
systems at Kivetty and Romuvaara, and slightly lower in the saline systems at Olkiluoto and
Hastholmen.

The groundwaters at repository depth at all of the candidate sites are reducing, buffered by
reaction with dissolved organic carbon, Fe2+-bearing minerals, sulphate-reducing bacteria,
and thermogenic methane. The oxygen introduced during excavation activities will be
rapidly consumed and reducing conditions will be restored within a few hundred years of
repository closure. Calculations have shown that, in the vicinity of the canisters, all oxygen
will be removed by oxidation of pyrite in the bentonite in 7 to 280 years, depending on the
reaction kinetics. Pyrite oxidation will be accelerated by the temperature rise. Conservative
estimates of the depth of corrosion on the canister surfaces during this oxic phase, even
allowing for pitting, do not exceed 2.5 mm.

In the absence of penetration of the canisters by groundwater, there will only be small
amounts of gas generation in the near-field. Microbial populations in the vicinity of the
canisters will not be viable because of the high compacted density of the bentonite and
consequent low water activity. Helium gas will form in the canisters through a-decay of the
fuel, and helium gas pressure in the canister will build up very slowly. However, the void
space in the two canister designs is such that it would take tens of millions of years for
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helium gas generation to rupture the canisters. Gamma radiation emitted from the canisters
will produce hydrogen through radiolysis of water. The thicknesses of the insert wall and
copper outer-canister are designed to keep the maximum dose rate on the outer surface of
the canister to below 500 mSv/h, and the intensity of the gamma radiation will decrease over
time. The volume of bentonite porewater surrounding the canisters is sufficient to dissolve
all of the hydrogen produced outside the canisters by radiolysis and allow it to disperse by
aqueous diffusion.

Following emplacement, cement-based materials in the seals will hydrate, forming phases
such as calcium hydroxide and calcium-silicate-hydrate gels. A highly alkaline porewater
will develop with an initial pH value greater than 13 due to dissolution of soluble alkalis in
the cement.

5.2 100 to 10,000 years

Natural System

There are likely to be continued efforts to stabilise or reduce greenhouse gas emissions over
the next few hundred years. However, the climate will respond slowly to any reduction in
emissions. Continuing isostatic uplift over the next 10,000 years will cause a fall in relative
sea-level of up to 40 m at Olkiluoto and 25 m at Hastholmen. Surface conditions at Kivetty
and Romuvaara will change only slightly during this period.

The isostatic uplift will drive groundwater flow downwards at the candidate sites. At
Olkiluoto and Hastholmen, the brackish sulphate-rich and fresher groundwaters presently
above the repository depth will start to replace the saline groundwaters currently at
repository depth. All the groundwaters at Kivetty and Romuvaara are dilute and, therefore,
the groundwater chemistry at repository depth will remain similar to the present day.

Repository System

Once all the oxygen has been exhausted in the near-field of the repository, canister corrosion
will continue under reducing conditions through sulphide attack. Dissolved sulphide
concentrations will be limited by equilibrium with sulphide impurities in the bentonite. The
corrosion rate under reducing conditions will be much lower than under oxidising condition,
and the copper outer-canisters will have lifetimes of millions of years. Localised corrosion
and focussing of corrosive attack through formation of copper sulphide outgrowths or
"whiskers" may reduce canister lifetimes, but could only threaten the integrity of the
canisters beyond 1 million years.

The pH at the bentonite-canister interface will remain buffered by reaction with impurities
in the bentonite, and the chemical environment will remain reducing. Ion-exchange of
calcium in the porewater for sodium in the clay minerals will gradually reduce the swelling
pressure and increase the permeability of the bentonite. This process will be accelerated in
calcium-rich groundwaters, such as those of Olkiluoto and Hastholmen. However, under
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repository conditions, the bentonite buffer will maintain its low permeability for hundreds
of thousands of years at all four candidate sites.

Heat from radioactive decay of the spent fuel in the repository will gradually affect the rock
mass surrounding the engineered barriers of the near-field. This will be manifested by
closure of fractures due to expansion of the rock mass and a slight increase in elevation of
the land surface. There will be slightly increased surface heat flows several hundreds to
thousands of years after repository closure. Elevated temperatures will also cause some
precipitation of calcite in fractures and accelerated dissolution of silicates. As the rock mass
subsequently cools, fractures will dilate slightly, calcite will redissolve and silica will
precipitate. Cooling of the canister will cause stretching of the copper outer-canister over
the iron insert, although this will not be sufficient to rupture the outer-canister. Localised
groundwater convection caused by heat generation within the repository will peak a few
hundred years after repository closure. However, this thermal convection will not
significantly alter the regional groundwater distribution.

During this period, the cement-based materials in the seals will react with infiltrating
groundwater and gradually degrade. The pH of the cement porewater will decrease
gradually from its initial value above 13, to around 10.5, as the soluble alkalis, calcium
hydroxide, and calcium-silicate-hydrates in the cement dissolve and become successively
depleted. The timescale for this process will depend on the permeability of the cement, the
groundwater flow rate, and the groundwater composition. At the two coastal candidate
sites, the more saline and ammonium-rich brackish groundwaters will probably be more
corrosive over the long-term towards cement-based seals than the groundwaters at the two
inland candidate sites. However, cement-based seals will maintain a low hydraulic
conductivity for tens of thousands to hundreds of thousands of years. As the cement-
conditioned alkaline water migrates, it will react with other seal components, such as
bentonite, the host rock and backfill. These reactions will gradually remove the chemical
signature of the alkaline cements from the water and lower the pH. Reacting minerals will
dissolve and new minerals will be precipitated, creating a zone of altered mineralogy around
the seal system. However, these areas will be too remote from the canisters to affect the
chemical environment at the bentonite-canister interface.

5.3 10,000 to 100,000 years

Natural System

The global climate will cool during this period and an ice-sheet will develop to cover
Fennoscandia, with a predicted ice thickness of up to 2 km. Global cooling will start at
about 15,000 years. However, because of the long-term effects of greenhouse gases, the
nucleation of the next regional ice sheet will be delayed. Between 15,000 and 20,000 years,
the temperature will decline and permafrost will develop in southern and central Finland,
reaching depths of up to 250 m. At the same time, valley glaciers will start to develop in the
mountainous region to the north and west of Finland. Initially, the four candidate sites will
be affected to different degrees, but as temperature and sea-level fall, continuous permafrost
will develop at all four candidate sites.
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Beyond 20,000 years, continued climatic cooling will eventually lead to the amalgamation
of valley glaciers and the nucleation of the next Fennoscandian ice-sheet. The ice sheet will
start to expand across Fennoscandia from about 35,000 years and will reach a maximum at
55,000 to 70,000 years. A subsequent period of rapid glacial retreat will lead to a series of
freshwater lakes overlying parts of Fennoscandia, interspersed with marine incursions. The
ice-sheet will re-advance towards the end of this period at 100,000 years. The re-advance
will not be to the same extent as in the earlier glacial phase, but the ice margin is still
expected to lie to the south of Finland. This second glacial period will persist until about
120,000 years, at which time there will be a return to climatic conditions similar to the
present day.

Repository System

The canisters and bentonite in the deposition holes will continue to maintain their integrity
during this period. The canisters will corrode slowly and the bentonite will provide a low-
permeability, slightly alkaline and reducing chemical environment. Conditions during the
glacial cycle will increase the hydrostatic pressure and change the composition and rate of
groundwater recharge. The potential increase in hydrostatic pressure at repository depth
will not threaten canister integrity. The redox-buffering capacity of the host-rock and the
bentonite, combined with organic degradation reactions and the action of sulphate-reducing
bacteria, will continue to maintain reducing conditions at repository depth during periods
of increased recharge of glacial meltwaters.

Stress relief following removal of glacial load could cause movements along major fracture
zones. All four candidate sites are remote from the region in Fennoscandia where conditions
are suitable for large post-glacial faults to form. Furthermore, the earthquake activity
required to threaten the integrity of the canisters would exceed the maximum activity
estimated to have occurred in the region of post-glacial faulting during previous glacial
retreats. Therefore, post-glacial faulting will not threaten the integrity of the canisters in a
repository at any of the four candidate sites.

5.4 100,000 to 1,000,000 years

Natural System

Beyond 100,000 years, the timing of changes in climate and near-field evolution become
even more difficult to predict. During this period, repeats of the glaciation-deglaciation
events related to climate change described above can be expected. The magnitude of these
climatic events will vary, and ice thicknesses of up to 3 km could occur in future glaciations.
Only some long-term change in the climate system could bring this cycling to a close, and
such a change is not expected in this period.

Repository System

Throughout this period, the canister will continue to corrode slowly through the action of
sulphides, and the amount of helium due to alpha decay inside the canister will slowly
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increase. However, neither of these processes will lead to a breach of the canister before
one million years. Depending on the groundwater flux adjacent to the deposition holes,
impurities in the bentonite will start to become depleted after 100,000 years. The pH of the
bentonite porewater will decrease slightly as the carbonate phases becomes exhausted.
Sulphide mineral impurities in the bentonite will also become exhausted. However, sulphide
corrosion of the canisters will continue, as microbial degradation of sulphate in the
groundwater continues to supply sulphide to the canister surface.

Infiltration of meltwater and sea-level changes associated with future glaciations will
introduce further compositional layers of dilute and saline water to the groundwater systems
at all four candidate sites. The exact changes will depend on the position of the sites with
respect to the evolving shoreline. During successive climate cycles, marine incursions will
lead to periods of saline recharge at all four sites, with the periods being relatively more
frequent and/or prolonged at the present coastal sites of Olkiluoto and Hastholmen.

5.5 1,000,000 years onwards

Natural System

The growth of mountain ranges, changing oceanic circulation patterns (e.g., a breach of the
Isthmus of Panama), and/or changes in the distribution of oceanic and continental crust
could bring an end to the Quaternary climatic pattern of glacial-interglacial cycling. The
timing of any change is highly uncertain but, over the next 10-100 million years, it is likely
that interglacial - glacial cycling will cease.

Repository System

Some time after 1,000,000 years, the canisters will be penetrated by the groundwater, and
the dissolution, gas generation, and transport processes described for the leaking canister
scenarios in Vieno & Nordman (1996) will occur. The chemical conditions in the host-rock
may be different to those observed today and the chemical buffering capacity of the
bentonite will have been reduced over the timescales concerned. However, by this time, the
activity and toxicity of the waste will have decayed to very low levels (Figures 5.1 and 5.2;
Vieno et al. 1992; SKB 1995a).

After a sufficient period of time, the radionuclides, decay products, and repository
construction materials will become widely dispersed in the geological environment by
groundwater flow. Rates of erosion in Precambrian Shield areas are extremely low, even
during periods of glacial - interglacial cycling. In the tens to hundreds of millions of years
required to exhume the repository horizon, therefore, the geochemistry of the repository
host rock will have become virtually indistinguishable from that of its surroundings.
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Figure 5.1 Activity of spent fuel (burn-up of 36 MWd/kgU) as a function of time. From
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