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Phenomenological Description, Reference Concept 
(Spent Fuel-Copper-Iron-Bentonite-Granite) 
 

ABSTRACT 
 

This report gives a broad overview of the salient processes and associated time frames 

and uncertainties pertaining to the long-term normal evolution of the near-field of a 

deep repository of the KBS-3V type. By normal evolution, reference is made to the 

description of the evolution of a disposal system subject to the assumption that all the 

spent fuel canisters remain intact following emplacement and repository closure for at 

least the design corrosion lifetime of the canister overpack in the expected repository 

conditions. In this connection, the effects of future glaciations, canister manufacturing 

defects and small-scale tectonic activity are briefly touched upon. The roles of the 

different repository near-field barriers in providing safety are briefly noted. The 

description of the normal evolution of a KBS-3V-type repository near-field conditions 

external to the unbreached spent fuel canister has been realized in terms of processes 

rather than timescales. Separate chapters have been devoted to the thermal, hydraulic, 

mechanical and chemical/biological evolution of the repository system, with due 

attention to some of the couplings between them. 



 

 

Ilmiökuvaus 
Referenssikonsepti: käytetty polttoaine – kupari – rauta – bentoniitti – 
graniitti 
 

TIIVISTELMÄ 
 

Tämä raportti antaa laajan yleiskatsauksen tärkeimmistä prosesseista, aikajänteistä ja 

epävarmuuksista, jotka ovat ominaisia KBS-3V tyyppisen syvän loppusijoituksen 

lähialueen pitkäaikaiselle normaalikehitykselle. Normaalikehityksellä viitataan loppu-

sijoitusjärjestelmän kehityksen kuvaukseen olettaen, että kaikki käytetyn polttoaineen 

kanisterit säilyvät ehjinä sijoittamisen ja loppusijoitustilan sulkemisen jälkeen vähintään 

kanisterin päällimmäiselle kerrokselle oletetuissa olosuhteissa suunnitellun korroosion-

kestoajan. Tässä yhteydessä on käsitelty suppeasti tulevien jääkausien, kanisterin 

valmistusvirheiden ja pienen skaalan tektonisen aktiivisuuden vaikutuksia. Loppu-

sijoituksen lähialueen vapautumisesteiden rooleja turvallisuuden tuottajina on suppeasti 

kosketeltu. KBS-3V-tyyppisen loppusijoituksen lähialueen olosuhteiden normaali-

kehityksen kuvaus ehjän käytetyn porttoaineen kapselin ulkopuolella on toteutettu 

mieluummin prosessien kuin aikajänteiden suhteen. Erilliset kappaleet on omistettu 

loppusijoitusjärjestelmän termiselle, hydrauliselle, mekaaniselle ja kemialliselle/ 

biologiselle kehitykselle ottaen huomioon joitakin niiden välisiä kytkentöjä. 



 

 

PREFACE 
 

NF-PRO investigates dominant processes and process couplings affecting the isolation 

of nuclear waste within the near field. 

 

NF-PRO has been structured in five Research and Technology Development 

Components (RTD Components), four of which focus on particular near field sub-

systems or interactions. In particular, RTD Components 1 to 4 address key processes 

controlling dissolution of and release of radionuclides from the waste matrix, chemical 

processes taking place in the Engineered Barrier System (EBS), the thermo-hydro-

mechanical evolution of the near field and the characteristics and the evolution of the 

excavation-disturbed zone, respectively. Process couplings and integration in 

performance assessment are dealt with in RTD Component 5. 

 

RTD Component 5 has two Work Packages. Work Package 5.1 has two objectives; on 

the one hand, to provide a realistic description of the evolution of the conditions in the 

near field, in view of identifying key processes and remaining uncertainties, on the other 

hand, to analyse macroscopic mass and energy fluxes. The reports provide a baseline 

from which organisations involved in performance assessment can evaluate results of 

new studies performed in RTD Components 1 to 4. 

 

To fulfil the first objective of Work Package 5.1, reports have been produced 

concerning the phenomenological descriptions of the processes occurring in the near 

field including their couplings and the analyses of the evolution of the THMC 

conditions in the near field. This has been be done for five different reference disposal 

systems, thus Deliverable 5.1.1 comprises five separate reports, each one dealing with a 

distinct reference disposal system.  

 

The following reports comprise Deliverable 5.1.1 of NF-PRO: 

 

1) Phenomenological Description – Reference Concept - SF/Iron/Bentonite/ Granite 

(ENRESA) 

2) Phenomenological Description – Reference Concept - SF/HLW/Iron /Clay 

(ANDRA) 

3) Phenomenological Description – Reference Concept - HLW/Steel/Concrete/ Clay 

(SCK CEN) 

4) Phenomenological Description – Reference Concept – SF/Steel/Salt (GRS) 

5) Phenomenological Description – Reference Concept – SF/Copper-iron/ 

Bentonite/Granite (VTT) 
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1 INTRODUCTION 

 

This contribution is an attempt to give a broad overview of the salient processes and 

associated time frames and uncertainties, with emphasis on the latter, pertaining to the 

long-term normal evolution of the near-field of a deep repository of the KBS-3V type. 

The text is largely based upon a compilation of the following reports: 

 Crawford and Wilmot (1998) 

 SKB (1999a,b) 

 SKI (2003) 

 IAEA (2003) 

 Rasilainen (ed.) (2004) 

 

These reports and the references therein give an excellent in-depth account of the 

various processes even in a million-year perspective. By and large, explicit referral to 

the individual reports was considered redundant. 

 

By normal evolution, we refer to the description of the evolution of a disposal system 

subject to the assumption that all the spent fuel canisters remain intact following 

emplacement and repository closure for at least the design corrosion lifetime of the 

canister overpack in the expected repository conditions (Crawford and Wilmot, 1998). 

In this connection, the effects of future glaciations, canister manufacturing defects and 

small-scale tectonic activity are briefly touched upon. 

 

In the next chapter, the roles of the different repository near-field barriers in providing 

safety are briefly noted. In subsequent chapters, the description of the normal evolution 

of a KBS-3V-type repository near-field conditions external to the unbreached spent fuel 

canister has been realized in terms of processes rather than timescales. Separate chapters 

have been devoted to the thermal, hydraulic, mechanical and chemical/biological 

evolution of the repository system, with due attention to some of the couplings between 

them. 
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2 REPOSITORY NEAR-FIELD 

 

The basic concept of the Swedish KBS-3V repository design for the disposal of spent 

nuclear fuel is based on its encapsulation and emplacement in crystalline rock at a depth 

of 400 m to 700 m (SKB, 1983; Vieno and Nordman, 1996) (Figure 1). In Finland, the 

Olkiluoto-specific design work considers both single- and two-storey repository 

alternatives (Posiva, 2003). 
 

 

 

1 

2 

3 

1 Copper-iron canister 

2 Bentonite buffer 

3 Tunnel backfill and 

sealing structures 

 

 

Figure 1.  Schematic view of the KBS-3V deep disposal system, illustrating 

emplacement of a copper-iron canister (1) in compacted bentonite buffer (2) and 

sealing off the tunnels with backfill material (3) (modified after Ericsson, 1999). 
 

 

The repository near-field is taken to be comprised of the waste canister, the surrounding 

engineered barriers (compacted bentonite buffer in the deposition holes, the tunnel 

backfill and the seals) as well as the excavation-damaged zone (EDZ) of rock forming 

the interface between the engineered barriers and the intact host rock (see Figure 1). The 

EDZ is characterized by microcracks formed through stress redistribution in the granitic 

rock following repository excavation. The design premises of such a multi-barrier 
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system is that the barrier components complement and never contradict each other to the 

extent that failure of one component does not necessarily compromise the safety 

function of the repository. The safety of the KBS-3V concept rests on the long-term 

isolation (>100,000 years) of radionuclides within the copper-iron canisters surrounded 

by a buffer of compacted bentonite clay (Vieno and Ikonen, 2005). 

 

The spent fuel is planned to be encapsulated in canisters with a cast iron insert and a 

copper overpack (50-mm nominal thickness) (Figure 2). Once filled and sealed, the 

copper-iron canisters will be emplaced individually in vertical boreholes in the floors of 

deposition tunnels feeding off 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, and sealing plugs will be emplaced to block pathways for groundwater 

flow. 
 

 

 

 

 

Figure 2.  Exploded view of spent BWR fuel disposal canister (from King et al., 2002). 
 

 

The function of the canister is to isolate the spent fuel from the surrounding 

environment. Justly, it can be regarded as the most important barrier in the repository. 

The canister overpack should provide corrosion resistance for at least 100,000 years in 

the repository, whereas the canister insert must provide sufficient mechanical strength to 

withstand the loads caused by hydrostatic pressure from groundwater at the disposal 

depth and by the pressure from the swelling of the buffer. Additional design criteria are 

that the canister should keep the fuel assemblies in fixed positions, conduct the decay 

heat, attenuate radiation from the spent fuel, remain subcritical even if water enters the 

canister (see Anttila, 2005a), and be able to withstand handling and operational loads. 

 

The bentonite buffer is to perform a multitude of functions in a deep repository: 

 to keep the canister in place, 

 to effectively remove heat from the canister, 

 to have a very low hydraulic conductivity, 

 to have a high sorption capacity, 

 to have good chemical and mechanical stability, 

 to develop a high swelling pressure in contact with water, 
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 to guarantee mass transfer predominantly by diffusion to limit the transport of 

corrosive substances to the canister,  

 to effectively filter any colloidal particles, which might act as radionuclide 

carriers, 

 to suppress microbially mediated corrosion of the copper container by rendering 

the environment hostile for microbial growth and advance, 

 to have a high capacity to deform under load and, consequently, to protect the 

canister from mechanical damage caused by shear movement of the host rock, 

and 

 to provide chemical (redox and pH) buffering. 

 

The functions of the backfill to be used to refill the deposition tunnels are the following: 

 to minimize the expansion of the buffer into the backfill and, therefore, to 

contribute to keeping the canister in place, 

 to have a hydraulic conductivity comparable to the host rock, 

 to have high enough a swelling pressure to provide load-bearing support against 

the tunnel roof, 

 to minimize groundwater channelling in the tunnels and surrounding EDZ, and 

 to promote reducing conditions. 

 

Cementitious material is used for lining shafts and drifts or as shotcrete on the walls and 

roofs. Cement is also needed as bulkheads and pavement for vehicles, and to attach the 

rock bolts, which provide additional stability to repository rooms, and to limit 

groundwater seepage (i.e. drawdown and up-coning) from host rock into underground 

cavities by sealing the fast-flow fractures using cement-based grouts, which are virtually 

impossible to remove from the repository before closure. 

 

For the technical ease of canister deposition, emplacement gaps are formed between 

canister and buffer (1 cm) and between buffer and rock (3–5 cm). These gaps may be 

filled with water and bentonite pellets and water, respectively. 
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3 THERMAL EVOLUTION 

 

The source of thermal energy in the repository near-field is the decay heat from the 

spent fuel in the canisters, which is halved every 30 years during the initial post-closure 

period due to the relatively short-lived radionuclides. According to the design criteria, 

the canister surface will maintain at a temperature below 100 °C to avoid boiling of 

water during the saturation period and enrichment of solids near the canister surface, 

which might cause cementation of the bentonite buffer and enhance corrosion of the 

copper canister. The requirement for the maximum permissible canister surface 

temperature of 100 °C1 can always be met with the necessary safety margin by adjusting 

the canister decay heat, the separation distance between adjacent canisters and tunnels, 

and by taking into account the initial temperature and the thermal properties of the 

engineered barrier and host rock (e.g. Hökmark and Fälth, 2003). 

 

The maximum canister surface temperature, calculated assuming dry bentonite 

surrounding the canister and the existence of an air-filled gap between canister and 

buffer, will be reached within 10 to 20 years (Figure 3). As long as the gap between the 

canister and buffer is open, dry and air-filled, the temperature of the canister surface 

will be somewhat higher (by 10 to 15 °C) than in case with material contact (Ikonen, 

2003). The model results of Rejeb and Miller (2003) demonstrate that the temperature 

evolution in the buffer and backfill during the resaturation phase is marginally affected 

by thermo-mechanical couplings. The maximum temperature in the rock, at the edge of 

a single canister, will be reached in 50 to 100 years (Figure 3). Thereafter, elevated 

temperatures in the repository near-field are expected to persist for thousands of years. 

Figure 4 compares the predicted thermal evolution for the one- and two-storey 

repository layouts in terms of temperature rise; the maxima of 54 °C and 70 °C were 

achieved at 180 and 280 years after present (AP), respectively (Löfman, 2005). The 

calculated average temperature rise for both layouts is seen to be approximately the 

same, the maximum being about 40 °C. The differences in the timing of maxima in 

Figures 3 and 4 arise from the different level of computational detail used to calculate 

the results. The heat from the waste will gradually dissipate by thermal conduction and, 

to lesser extent, by groundwater flow through the near-field, the materials of which will 

experience a period of heating and a subsequent period of cooling, thus giving rise to 

thermal expansions and contractions of the near-field materials. 

 

During the operational phase, lasting for up to 100 years, the thermal evolution of the 

repository near-field will also be influenced by forced ventilation (Savage et al., 1998). 

 

                                                 
1 The maximum allowed surface dose rate being 1 Gy/h (King et al., 2002). The calculations for the Finnish spent 

nuclear fuel show that this design criterion is met with a good margin (Anttila, 2005b). 
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Figure 3.  Predicted temperature evolution of a disposal canister and the bentonite-

rock interface at a depth of 400 m for both dry and saturated bentonite properties (from 

Raiko, 2005). The ambient rock temperature is about 11 °C. 
 

 

 

Figure 4.  Predicted maximum (solid line) and average (broken line) temperature rise 

at the repository for the one- and two-storey layouts as a function of time (from Löfman, 

2005). 

 

The effects of temperature per se on the sealing performance (i.e. the hydraulic 

conductivity and swelling pressure) of the buffer are unimportant, if the maximum 

temperature is maintained below 100 °C (Cho et al., 2000; Villar and Lloret, 2004). 
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Also, the mineralogical and chemical properties of the bentonite buffer in the deposition 

hole are unlikely to be adversely affected by temperatures that are expected to prevail in 

the deep repository. The illitization of the montmorillonite component of bentonite is 

not expected to pose a problem due to the limited supply of potassium and the relatively 

short duration of the thermal phase (e.g. Kamei et al., 2005). Furthermore, a partial 

conversion of the Na-bentonite buffer into Ca-form due to the influx of a Ca-rich deep 

groundwater is possible during the water saturation process, which makes the buffer 

more resistant to illitization (e.g. Roberson and Lahann, 1981). 

 

In the near-field rock, thermally-induced stresses are likely to occur, depending on the 

rock permeability. These stresses will likely not be sufficient to generate mechanical 

failure of the rock through reactivation [sudden movements in existing fractures 

(KASAM, 2003)] and fracture formation and, consequently, to jeopardize the canister 

integrity, however. 

 

The temperature rise in the repository surroundings will affect the groundwater, which 

will undergo density and viscosity changes (Savage et al., 1998). The resultant 

buoyancy effect will peak in a few hundred years after closure (see Chapter 4). 

However, thermal buoyancy will be insufficient to overcome the natural, undisturbed 

groundwater flow patterns, attained in several hundreds years after repository closure. 

 

During the next one million years, the repository sites in Finland and Sweden will 

undergo a number of glacial cycles. According to the four scenarios presented for the 

climatic evolution in Fennoscandia (Hutri and Antikainen, 2002), a new glacial phase 

will be encountered during the next 100,000 years. The onset of climate cooling from 

the present interglaciation is followed by formation of permafrost during the periglacial 

stage as the climate gets progressively cooler and drier, growth of an ice sheet, 

deglaciation with voluminous discharges of meltwater, and, finally, restoration of 

present-day temperate climatic conditions. The cycle is estimated to take some 120,000 

to 160,000 years, depending on the scenario (Hutri and Antikainen, 2002). Possible 

global warming through greenhouse gas emissions may present only temporary reprieve 

from glaciation. The complex interplay of associated sea level variations, advance and 

retreat of ice sheet, crustal depression and rebound, and inundation of glacial meltwater 

exerts a major control on rock stresses, groundwater flow patterns and chemistry. By the 

time of ice sheet formation [5,000 yr AP at the earliest (Hutri and Antikainen, 2002)], 

the increase in repository temperature in comparison to the ambient rock temperature 

will be marginal. 

 

Uncertainties 

 

In thermal dimensioning of the repository, effects of uncertainties in rock and bentonite 

conductivity data were deemed small in relation to effects of canister-bentonite gaps and 

gap uncertainties; less efficient radiant heat transfer across the gaps than previously 

assumed for KBS-3V thus calls for effective techniques to reduce the temperature 

gradient, for example, by reducing the gap width (Hökmark and Fälth, 2003). In 

addition, improved level of knowledge of the heat transfer and associated temperature 
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differences between the fuel, cast iron insert and copper canister as well as between the 

canister and buffer, especially during the resaturation phase, would be desirable. 

 

Early thermal evolution may be significantly influenced by the difference in hydraulic 

properties in between deposition holes due to the fact that the thermal conductivity of 

bentonite is a function of its water content. Two-phase transport of water and heat in the 

partly saturated bentonite buffer can make thermal calculations and predictions very 

complex (Goblet and de Marsily, 2000). The effects of possible uneven and prolonged 

saturation of the buffer, heating on the buffer and the effects of the high salinity on the 

near-field thermal evolution are topics subject to uncertainties. Owing to the coupled 

nature of these processes, the couplings between the thermal, hydraulic, mechanical and 

chemical processes need to be known in greater detail. 



10 

  

4 HYDRAULIC EVOLUTION 

 

After the closure of a repository, groundwater levels and hydraulic gradients begin to 

progressively re-establish themselves in host rock regions, which have been partially 

drained as a result of draw-down of the water table and rapid recharge into the shaft 

along fracture zones following repository construction. The resaturation of the host rock 

and EDZ and reversion to a more or less constant flow state are expected to take at least 

one year, depending on the hydraulic conductivity of the rock. 

 

Figure 5 depicts the groundwater flow fields for the one- and two-storey repository 

layouts at the Olkiluoto site at 300 years AP. The temperature rise induces an increasing 

upward groundwater flow starting from a few hundred metres below the repository. The 

effect is more pronounced for the two-storey layout. During the first 100 years, the open 

repository dominates the nearby flow conditions and draws groundwater from all 

directions in the bedrock. The up-coning of saline groundwater, which is aggressive 

towards structural materials, could have implications in particular for the mechanical 

performance of the tunnel backfill (loss of swelling pressure) (see Chapter 5). Filling 

the emplacement gaps in the EBS and pre-saturating the buffer and backfill with fresh 

water have been suggested as ways to reduce the adverse effects of up-coning on the 

EBS (e.g. Vieno et al., 2003). 

 

The buffer resaturation process, possibly being the single most important issue 

regarding the early evolution of the repository near-field, will affect the thermal 

properties of the buffer and may, therefore, have a bearing on the maximum canister 

surface temperature. A higher temperature may, in turn, have chemical effects on the 

bentonite buffer, and, consequently, cause changes in the mechanical properties of the 

buffer. 

 

After deposition, redistribution of water by vaporization in the hot end and subsequent 

transport to and condensation in the cool end under the influence of a thermal gradient 

in initially partially water-saturated buffer will take place. A decrease in the swelling 

capacity of bentonite when exposed to steam has been observed and suggested to have 

potentially important implications for the long-term performance of the buffer (Johnson 

et al., 2004 and references therein). However, a re-evaluation of data from various 

studies on the exposure of bentonite to water vapour below about 130 °C by Johnson et 

al. (2004) indicated but marginal effects on the swelling pressure and less than one 

order of magnitude increase in hydraulic conductivity. 
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Figure 5.  Predicted groundwater Darcy velocity at the Olkiluoto site, Finland, at 300 

years AP for no repository (top), one-storey repository (middle) and two-storey 

repository (bottom) (from Löfman, 2005). In all cases, the tunnels are ungrouted 

(grouting of main tunnels acts to effectively suppress groundwater seepage into the 

repository cavity). 
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Over time, the initially partially water-saturated buffer and backfill will become 

saturated with water from the surrounding host rock. The driving forces of the bentonite 

resaturation process will be the surrounding groundwater pressure and the capillary 

pressure drawing water into the bentonite. The bentonite resaturation will opposed by 

the swelling pressure. According to the calculated results for the hydration of the 

MX-80 bentonite buffer in the reference KBS-3 repository by Hökmark (2004), the 

buffer will be fully water saturated within about 3 or 4 years, provided there is sufficient 

supply of water at the buffer/rock interface. This general result seemed to be insensitive 

to the values of the transport parameters, gas confinement, porosity, canister power, etc. 

Furthermore, Hökmark (2004) concluded that the saturation time may depend more on 

hydrological conditions around individual deposition holes, on the hydrological 

buffer/rock interaction and on the restoration of the ground water pressure after 

repository closure, than on details of the bentonite material model. Hökmark (2004) also 

suggested that the bentonite behaviour will exert control on the hydration rate for 

deposition holes with a total inflow rate of 3 l/day or more2 and that the near-field 

hydrology will control it for holes with inflow of less than 1 l/day. It is possible that if 

the rock conductivity is extremely low, the buffer saturation may occur by water ingress 

from the backfill. 

 

On the basis of model calculations by Lempinen (2006), depending on the hydrological 

boundary condition, the duration of the resaturation period could be much longer than 

previously anticipated, however, extending from about 30 to 40 years up to hundreds of 

years. Experimental data and model results from some large-scale experiments indicate 

strong dependence of temperature on the saturation of bentonite and suggest that 

bentonite hydration proceeds at a rate lower than expected on the basis of conventional 

flow analysis. The cause of the delayed saturation appears to be the heat production of a 

canister (Alonso and Alcoverro, 2003; Jussila, 2003a,b). 

 

Upon reaching full water saturation, the bentonite buffer has the “self-sealing” ability 

and a very low hydraulic conductivity, which ensures that molecular diffusion is the 

predominant transport mechanism of solutes. These features make a prime contribution 

to the isolating function of the buffer in the repository. Wherever bentonite is included 

as a component of an engineered barrier, it creates a swelling pressure on wetting, thus 

sealing the interface between the buffer/backfill and the surrounding EDZ by forcing the 

extrusion of bentonite into EDZ fractures, thereby reducing their hydraulic conductivity. 

However, highly localized supply of groundwater from the EDZ may give rise to 

uneven swelling of bentonite (see Chapter 5). 

 

The changing groundwater flow rates and directions associated with future glaciations 

will have a great influence on hydraulic conditions on both a repository and larger site 

scale. An extreme case of such a glacial event would be permafrost reaching down into 

the repository level. 

 
 

                                                 
2 An upper limit for the inflow rate (<10 l/min) during the deposition phase was suggested by Andersson et al. (2000). 

In SKI (2004), no information about the necessity or relevance of a lower limit exists, however. A possibility of 

formulation of a criterion on the flow rate was considered in SKB (2004) to prevent piping of the buffer and backfill. 
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Uncertainties 

 

The greatest uncertainty with regard to the description of the hydraulic evolution of the 

repository is constituted by the hydraulic conditions in the buffer/backfill and in the 

near-field rock. In particular, knowledge of the initial water content of the buffer, the 

time of closure of the gap between canister and buffer, and the duration of the 

resaturation phase will be decisive to the description of the early evolution of the whole 

near-field due to the coupled nature of various processes.  

 

In the event that bentonite hydration takes much longer than anticipated, significant 

drainage of the near-field rock as a consequence of a low water supply from the bedrock 

may occur simultaneously with the resaturation of the bentonite. A very dry deposition 

hole has been hypothesized to lead to greatly delayed resaturation and unforeseen 

changes in the bentonite. For example, Lempinen (2006) calculated the resaturation 

phase to take hundreds of years, if the ground water inflow occurs through a highly 

localized narrow rock fracture or through the backfill alone. Uniformity of water inflow 

from the rock was considered critical for the duration of the resaturation period. 

However, no support for the greatly increased saturation time was gained in the 

modelling study by Hökmark (2004), in which uncertainties in the intrinsic permeability 

assumptions and in the saturation-suction relations3 in the bentonite material model 

resulted in the maximum hydration times of only about 10 years. Thus, it seems that the 

uncertainty in the duration of the resaturation period is particularly great. 

 

It has been suggested that bentonite hydration via water vapour could be the dominant 

process, and not flow of liquid water (Kröhn, 2003a,b). Consequently, this would call 

the applicability of the two-phase-flow-based models commonly applied to resaturation 

problems into question and would give two-phase flow relevance only for a very short 

period of time after the first contact with water. 

 

On the other hand, if the hydraulic conditions in individual deposition holes are such 

that a steady flow of water through an intersecting fracture occurs, resulting in a very 

wet borehole, significant bentonite extrusion and erosion could take place. In this 

connection, better knowledge of the role of the EDZ in the resaturation would be 

desirable. Owing to the importance and limited experimental information on these 

phenomena, long-term resaturation along with the development of hydraulic conditions 

in the near-field rock calls for further investigation. In particular, the initial rock mass 

permeability is a key parameter, which plays a major role in the resaturation time (e.g. 

Rejeb and Millard, 2003). Depending on the deposition tunnel excavation technique 

adopted, the extension of the EDZ into the host rock can be up to 1.5 m, resulting in an 

increase in flow permeability by two to three orders of magnitude (Tsang et al., 2005). 

However, recent experience with the drill-and-blast technique points to the possibility 

of narrowing the maximum thickness of the EDZ in hard crystalline rock down to 20–

30 cm (Christiansson et al., 2005). This would be highly beneficial as the backfill could 

become prone to piping erosion, if the EDZ serves as a preferential pathway for 

groundwater flow. For a deposition hole, the depth of the EDZ with significantly higher 

                                                 
3 The validity of the saturation-suction relation was considered important by Hökmark (2004). Recently, a model for 

soil-water retention that solves the problem of residual water contents, which is inherent in models employing the 

equation of van Genuchten (1980), was introduced by Groenevelt and Grant (2004). 
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porosity than in the undisturbed rock has been found to extend only about 2 cm from the 

excavated surface (Autio et al., 2004). 

 

High groundwater salinity and poor compaction of the backfill may result in the 

formation of a preferential flow path at the top of the backfill. This and the effects of 

chemical transformations and very high salinities on the hydraulic conductivity, as well 

as on the actual saturation phase, of the backfill are inadequately understood. Careful 

site-specific adaptation of the backfill material to the physico-chemical conditions 

anticipated to prevail in the repository environment will be necessary. 

 

The understanding of the influence of groundwater salinity on water uptake by the 

swelling bentonite buffer and backfill in the presence of gas and a thermal gradient is 

incomplete. Also, the intensity and potential effects on the repository of thermally-

induced water flow caused by the difference in thermal expansion properties of water 

and the near-field rock are somewhat unknown. 

 

Since the site-scale changes associated with future glaciations and changes in the 

shoreline at coastal repository sites are bound to influence not only the mass transfer but 

probably also the groundwater chemistry, they should be under more scrutiny when 

assessing the long-term evolution of the repository. 
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5 MECHANICAL EVOLUTION 

 

The imbibition of water on the montmorillonite surfaces gives rise to the swelling 

pressure in the bentonite buffer. During the water saturation and homogenization phase, 

uplift of the canister due to upward swelling of the buffer may take place. At the same 

time, the buffer intrudes permanently a distance of the order of a few centimetres into 

the backfill in the deposition tunnels, which may increase compaction of the backfill 

against the tunnel roof, but only locally and for a relatively short period of time due to 

homogenization of the backfill clay. Due to the potential extrusion of the buffer into the 

galleries, special attention should be paid to ensure that the backfill is dense enough not 

to lose its design properties. The possible long-term sinking of the canister in the 

deposition hole will be a considerably slower phenomenon than the resaturation 

process. The swelling of the buffer around the canister will ensure compression of the 

ductile copper to keep the gap between the cast iron insert, which takes up the 

mechanical stresses in the repository, and the copper outer-canister closed at all times 

following water saturation. Calculations have revealed a considerable influence of 

thermo-hydro-mechanical (THM) couplings on the mechanical stresses in a deep 

repository design of the KBS-3V type, which is attributable to the key role played by 

water in the bentonite swelling and shrinkage processes, which, in turn, are strongly 

affected by variations in the saturation level (e.g. Rejeb and Millard, 2003). The effects 

of the couplings on T, H and M were shown to be amplified by low host rock 

permeability. 

 

As the EDZ adjusts to the prevailing lithostatic and swelling pressure, the presence of 

swelling clay in the repository’s cavities, and subsequent extrusion into fractures in the 

surrounding EDZ, makes an important contribution to the mechanical stability in the 

rock around deposition holes and tunnels through back pressure against the buffer and 

backfill, respectively.  

 

The canister is subjected to mechanical loading via the buffer in the form of hydrostatic 

and swelling pressures. The load a canister is able to withstand is far above the sum of 

swelling pressure and groundwater pressure (evenly distributed load of 14 MPa) at a 

depth of the repository, even with a 3-km-thick ice sheet floating on the groundwater 

during a glacial period, and contributing an extra hydrostatic load of 30 MPa (SKB, 

1999a).  

 

In the near-field rock, excessive heat load is also likely to generate mechanical stresses. 

Indeed, a considerable increase in the total stress of the rock was observed in the large-

scale FEBEX in-situ test, which was attributed to the thermal expansion of the rock 

(Alonso and Alcoverro. 2003). In the long term, the mechanical load on the host rock 

will also be influenced by large-scale creep movements in the bedrock. However, these 

effects do not contribute enough either on top of the swelling and groundwater pressures 

and glacial load to jeopardise the integrity of the canisters, designed to withstand the 

combined load with good margin. A convincing demonstration of the mechanical 

strength of a canister was conducted by Andersson et al. (2004), who subjected a 

shortened test body to an isostatic load of up to 135 MPa. The test canister suffered 

from a deformation of about 20 mm, but the copper shell was still intact. 
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The ability of the bentonite to achieve the desired swelling pressure can be reduced, if 

the resaturating groundwater is saline. However, with the saturated bentonite density to 

be used in the deposition holes, the reduction in swelling pressure over that achieved in 

dilute groundwater would be small, given the same montmorillonite content for the 

bentonite (Karnland, 1997). This observation rests on the fact that the swelling pressure 

exerted by compacted bentonite is controlled by the hydration of montmorillonite 

surfaces and exchangeable cations (i.e. crystalline or hydration swelling), which is 

largely insensitive to variations in solution ionic strength. Consequently, the swelling 

pressure of compacted bentonite increases with the valency of the exchangeable cation 

(Madsen, 1998). For example, Ca-bentonite shows higher swelling pressures than Na-

bentonite for dry densities above 1.6 g/cm
3
 due to the greater hydration energy of Ca

2+
 

in comparison to Na
+
. On the other hand, the bentonite density in the backfill is fairly 

low and the properties are very sensitive to groundwater salinity. For this reason, the 

bentonite content and density should be high enough for bentonite in calcium form to 

maintain high enough a swelling pressure and low hydraulic conductivity at all time in 

the future. 

 

In case of shear movement, the damage on the canister is determined by the magnitude 

of the movement primarily along existing fractures. According to the future climate 

scenarios for Fennoscandia presented in Hutri and Antikainen (2002), the maximum 

calculated shear displacement resulting from ice load is about 3 cm and the maximum 

enduring displacement about 3 mm. With a conservative combination of a shear rate of 

1 m/s, a shear displacement of 20 cm and the buffer density of 2.1 g/cm
3
 at saturation, 

the cast iron insert was calculated to be strongly affected (Börgesson et al., 2003). 

However, immediate failure of neither the iron insert nor copper canister was predicted 

even under these extreme conditions. The conception that a displacement threshold of 

0.1 m adopted in SKB (1999b) is overly conservative was also previously suggested by 

La Pointe et al. (2000). Consequently, in SKB (2004), it was considered that a shear 

displacement even of 20 cm may be acceptable. 

 

The chemical dissolution and precipitation processes in the buffer and backfill are most 

important at the thermal phase in the presence of trapped atmospheric oxygen in the 

repository environment. The chemical alterations of bentonite considered most 

important during this phase are the heating and possible cementation of bentonite 

particles close to the canister surface. This effect, promoted by the temperature gradient, 

would be particularly important for the canister position with the highest thermal output 

and the case of an extremely long resaturation phase. A drying and hardening of the 

bentonite would be disadvantageous in the sense that its mechanical properties will be 

inferior to the unreacted material through production of a material that is brittle and 

without swelling capacity. Mineral alterations of this kind may thus give rise to 

bentonite cracking, thereby opening channels and gaps in the buffer and, consequently, 

changing its transport properties in the vicinity of the canister surface. However, the 

alterations are likely of limited extent and, hence, are not expected to impair the long-

term performance of the buffer. 

 

The risk of large-scale formation of inorganic clay colloids, which could facilitate 

radionuclide transport after canister breach, by physical and chemical erosion of the 

buffer due to an unfavourable composition and/or flow velocity of the incoming deep 
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groundwater is considered to be small. Consequently, the risk of the decrease of the 

buffer density to the extent that the performance of the buffer will be impaired is also 

small. The risk of erosion is generally greatest in the backfill, the density of which close 

to the tunnel roof can be relatively low already from the outset due to inadequate 

compaction or the occurrence of piping during compaction. Other potential risks are 

constituted by high salinity of groundwater and the intrusion of glacial melt water 

during future deglaciations. 
 

Uncertainties 

 

In the near-field rock, thermally-induced stresses, which have the potential to change 

the rock permeability, are likely to occur. It would be of importance to know whether 

the heat loading could give rise to mechanical failure of the rock through reactivation 

and fracturing and whether the thermal fields for adjacent boreholes could overlap and 

cause heterogeneity in the large-scale thermal field, and, in turn, cause significant local 

stresses. For the repository-scale thermal evolution, the mechanical effects, including 

those of the cooling-down period, on the near-field rock are subject to uncertainties. 

 

Because the thermally-induced drying near the canister is faster than the swelling near 

the rock, a moderate sinking or tilting of the canister cannot be ruled out during the first 

months after canister deposition. 

 

The issue of non-uniform wetting of the buffer is a realistic possibility in fractured rock 

wherein the fracture patterns will vary from one deposition hole to another. 

Consequently, uneven swelling pressure on the canister surface may cause localized 

mechanical stresses on the canister, resulting in movement, tilting or deformation of the 

canister. The time perspective associated with these phenomena can be up to hundreds 

of years (see previous chapter). Consequently, more consideration should be devoted to 

deeper understanding and better quantification of the volume change and swelling 

pressure of water-unsaturated bentonite. Also, the implications of potentially significant 

deformation of the near-field rock fractures, accompanied by changes in the 

permeability and nearby flow fields, due to bentonite swelling should be known in more 

detail.  

 

Alteration processes during the thermal phase that give rise to mechanical effects should 

be given a higher priority, as they may have an adverse effect on the long-term integrity 

of canisters in the event of shear displacements caused by faulting. Redistribution of 

water and concurrent precipitation of excess silica from dissolution of smectite 

crystallites and accessory silicates in the cooler, peripheral parts of the buffer could 

result in potential cementation of the buffer. If such a hydrothermal exposure of the 

buffer is greatly prolonged and the alteration reactions are partly irreversible, the long-

term properties of the buffer could be somewhat deteriorated. As there are indications, 

however slight, of bentonite cementation from short-term experiments (Johnson et al., 

2004 and references therein), our understanding of the underlying processes would be 

deepened from further research. 
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Also, considerable uncertainty pertains to the long-term chemical stability of the 

bentonite in EBS materials. In a water-saturated state, cementation and transformation 

of the clay fraction as a result of reaction with e.g. high-pH (pH >11) leachate from 

degrading cementitious material may produce a material that is brittle and devoid of 

swelling capacity and, thus, could severely impair the function of the barrier.  

 

Despite the low probability of mechanical and chemical erosion of large quantities of 

bentonite, the process should, however, be known better particularly in inadequately 

compacted backfill, the swelling pressure of which may be lost in contact with a high-

salinity groundwater. The highly compacted bentonite buffer will have a much higher 

swelling pressure than the backfill material, which could result in upward expansion of 

the bentonite into the backfill and consequent decrease of the buffer dry density, as well 

as lifting of the canisters (Posiva, 2003). In the event that extrusion is substantial, the 

swelling pressure of the buffer could be highly reduced, especially in contact with saline 

groundwaters. This occurs, if the hydration swelling is increasingly overridden by the 

swelling mechanism determined by the interaction of electric double layers between 

montmorillonite surfaces with buffer dilution. Consequently, the swelling pressure of 

the buffer becomes sensitive not only to the salinity of the groundwater but also to its 

ionic form, which could compromise the performance of the buffer. Therefore, the 

bentonite content and density of the backfill should be adjusted high enough to maintain 

the swelling pressure and low hydraulic conductivity in any groundwater environment, 

including those created by the intrusion of glacial melt water during future deglaciations 

and increase in groundwater salinity through freeze-induced salt exclusion during 

permafrost. Furthermore, as the sheer weight of the canisters, in combination with the 

plasticity of the bentonite, might allow canisters to sink, thinning the buffer layer 

beneath the canisters, improved understanding of the THM behaviour of the canister-

buffer-backfill system is desirable (Posiva, 2003). 

 

Concerning the issue of future glaciations, the present knowledge of chemoglacial 

processes in general (Brown, 2002) and possible freeze-thaw behaviour of bentonite, 

under saturated conditions and pressure, is somewhat deficient. The latter would be 

particularly relevant, if permafrost reaches the repository level, because the potential 

frost-susceptibility of bentonite may be accompanied by a risk of shrinkage of the clay 

material, which could lead to a higher hydraulic conductivity and reduced swelling 

pressure after thaw (Saarelainen and Kivikoski, 2002). 

 

With regard to canister strength, there is a small possibility that the ductility of the 

copper overpack may not be sufficient to withstand shear movements of rock of 0.1 m 

or less without cracking through creep deformation in a time perspective of tens of 

thousands of years.  
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6 CHEMICAL/BIOLOGICAL EVOLUTION 

 

As the repository system resaturates and the original groundwater flow conditions re-

establish themselves after repository closure, residual oxygen and introduced 

engineering and stray materials will react with the host rock, the EBS materials and the 

surrounding groundwater. The groundwater is expected to have gained its original 

undisturbed composition within 100 years, or so. 

 

Intermediate-depth and deep groundwater is often characterized by long residence times 

of up to millions of years, high solute concentrations and low redox potential (Eh) 

resulting from the interaction between the pore water and rock forming minerals. 

Reducing conditions, indicated by a negative Eh, in the near-field are desirable as they 

tend to lower corrosion rates and solubilities of some key radionuclides. The occurrence 

of fresh, meteoric waters will be limited to the upper regions of the groundwater system, 

where the geosphere can be heavily weathered or fractured (Figure 6). The salinity of 

the groundwater generally increases with depth (Table 1). 

 
 

 

 

 

Figure 6.  Sequence of redox sensitive species and phases and Berner’s (1981) 

classification of redox environments with depth at Olkiluoto, Finland (from Pitkänen et 

al., 2003). 
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Table 1.  Vertical variation of the main hydrochemical parameters, microbes and pH, 

and redox buffers in fractures at Olkiluoto, Finland (after Pitkänen et al., 2003). 
 

 Depth 

(m) 

Water type Cl 

(mg/l) 

pH Alkalinity 

(meq/l) 

Redox Microbes pH and redox 

buff. minerals 

0  Ca-Na-Mg-HCO3-SO4 10  5.5 0.5 Postoxic  Calcite 

Pyrite 

20  Ca-Na-Mg-HCO3-(SO4-Cl) 10  7 2.5 Sulphidic   

50  Na-(Ca)-Cl-(HCO3-SO4) 400  8 6.5    

150  Na-(Ca)-Cl-(HCO3-SO4) 2,000  7.8 4    

200  Na-(Ca)-Cl-(SO4) 4,500  7.5 1  SRB, IRB  

  Na-Cl 2,700  8.2 0.4  SRB, IRB, 

Acetogens 

 

450  Na-Ca-Cl 8,000  8.2 0.2 Methanic Methanogens  

600  Ca-Na-Cl 14,000       

750   30,000       

1,000   45,000  7.5 0.1  Methanogens, 

Acetogens 

 

  

 

 

The calculated evolution of the groundwater salinity for the one- and two-storey 

repository layouts in Figure 7 is consistent with the flow patterns in Figure 5. Again, the 

thermally-induced effect is more pronounced for the two-storey repository. In the 

vicinity of the repository, the decay heat is seen to delay the recovery of the 

groundwater salinity to its natural state by at least several hundreds of years (Löfman, 

2005). The effect of grouting is to nearly halve the calculated groundwater salinity for 

the primary maximum at <100 years. 

 

The chemical composition of the deep groundwater has the potential to undergo changes 

during normal evolution. The future groundwater at the Olkiluoto site, for example, is 

expected to cover a compositional range similar to the present-day ones at various 

depths, however (Puigdomenech et al., 2001). Introduction of oxygen to the near-field 

during the construction and operation of the repository will only result in a short-lived 

perturbation of the redox conditions in the surrounding host rock. This residual oxygen 

(or oxidized species) will be effectively consumed by water-rock-microbe reaction and 

by entrained organic material from the soil zone for waters percolating down fracture 

zones from the surface. In the deeper, saline groundwaters, thermogenic methane may 

also be an important redox control (Figure 6).  
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Figure 7.  Predicted evolution of maximum groundwater salinity [  g/l Total Dissolved 

Solids (TDS)] at a repository depth of 420 m for the one- and two-storey layouts (from 

Löfman, 2005). The effect of tunnel grouting shown as broken lines. 
 

 

Over long periods of time, transient oxidizing groundwater conditions may occur during 

glacial epochs. However, the oxidation of all of the ferrous iron in the rock surrounding 

a potential repository has been calculated to be an extremely slow process, probably 

taking some tens of millions of years (Ahonen and Vieno, 1994). Furthermore, there is 

no clear evidence to date, which would indicate that oxidizing water has ever penetrated 

to great depths in regions, which have undergone repeated glaciations. Whether a saline 

recharge will penetrate to repository depth will depend on the duration of the sea-water 

recharge phase, the rate of subsequent dilution by fresher recharge, and the local and 

regional hydrological setting. Once restored to equilibrium with reaction with fracture-

fill minerals after about 100 years, the near-field will be characterized by reducing 

conditions and be saturated by undisturbed groundwater that might be quite saline or 

even briny for all future time. 

 

At the bentonite-canister interface, the aqueous chemistry is a function of the interaction 

between the groundwater and the minerals in the bentonite. The bentonite in the 

repository is primarily composed of montmorillonite clay in sodium form, and may also 

contain soluble impurities, such as quartz, calcite and pyrite. These solids can be very 

important in the event that the near-field chemistry be disturbed for any reason, since 

both pH and Eh are buffered very effectively by them. 
 

At early stages in the bentonite pore water evolution, the pH of the pore water will be 

buffered at alkaline values by dissolution of the readily-soluble calcite in the bentonite. 

Over time, the supply of calcium from the deep groundwater into the bentonite and the 
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dissolution of calcium-bearing accessory minerals (e.g. calcite and gypsum) will convert 

the clay to calcium form through cation exchange. Despite the fact that this conversion 

is accelerated in the presence of a Ca-rich groundwater, the maximum conversion to Ca-

form will occur on a million-year timescale due to the slow diffusion in compacted 

bentonite and limited groundwater supply from the adjacent host rock. For example, in 

the present-day Olkiluoto groundwater, only a few percent of the Na-bentonite is 

calculated to alter to Ca-bentonite over the first 10,000 years (Wieland et al., 1994; Liu 

and Neretnieks, 1997). On exhaustion of the calcite in the bentonite, the pore fluid pH is 

expected to decrease to a near-neutral value. In saline groundwaters, the final pH of the 

pore water is predicted to be slightly lower than in fresher groundwaters. In terms of 

canister corrosion rates, the drop in pH would be irrelevant, however. Support for the 

anticipated trends was gained from e.g. Muurinen and Lehikoinen (1999), where 

consistency between the experimental findings and thermodynamic model predictions 

was also found. In that study, pH values of between 8 and 10 were measured for the 

pore waters extracted by squeezing from untreated MX-80 bentonite, equilibrated with 

synthetic fresh and saline groundwaters for about 10 months. 

 

The consumption of oxygen in the bentonite-canister region will be controlled by the 

oxidation of Fe(II)-bearing mineral impurities, such as pyrite, in the bentonite (e.g. Lazo 

et al., 2003), and, to minor extent, of the surface of the copper canisters and organic 

degradation. Depending on the assumptions concerning the kinetics of the pyrite 

oxidation, the transition from oxidising to reducing conditions at the canister surface has 

been calculated to occur between a few and 300 years after closure (Wersin et al., 

1994). Interestingly, the full-scale Isothermal Test (ITT) carried out at AECL’s 

Underground Research Laboratory (URL) over a period of 6.5 years showed no 

significant evolution towards reducing conditions (Stroes-Gascoyne et al., 2002). 

However, the experiment was conducted in the absence of increased temperature, which 

would promote both chemical and microbiological oxygen reduction. The consumption 

of pyrite is an extremely slow process; it would take up to 100,000 years for a 

homogeneous flow and diffusion of oxygenated water to oxidise all of the ferrous iron 

in the bentonite surrounding the canister (Ahonen and Vieno, 1994). 

 

The groundwaters at coastal sites will become more dilute with time as a result of 

isostatic land uplift, which will further delay the chemical conversion of bentonite to 

Ca-form. As already noted above, due to the low availability of potassium in crystalline 

basement groundwaters and the Ca-Na cation exchange at anticipated repository 

temperatures, illitization of montmorillonite will not be an issue for hundreds of 

thousands of years. 

 

The outer copper shell of the canister is the primary corrosion barrier in the KBS-3V 

deep repository. Copper is very stable and, in practice, non-reactive in the repository 

environment. The only corrosive agent identified in deep groundwaters to initiate and 

sustain copper corrosion is sulphide. The effects of corrosion of copper through the 

formation of aqueous copper chloride complexes at the pH and chloride concentrations 

expected in the repository near-field do not significantly add to the rate of corrosion 

penetration of the canisters (e.g. Puigdomenech and Taxén, 2000). As pointed out by 

Puigdomenech and Taxén (2000), the chloride-enhancement of general corrosion does 
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not have to be a disadvantage to localised corrosion as pitting and stress corrosion 

cracking (SCC) are less likely to take place simultaneously with general corrosion. 

 

The corrosion products will form a protective passive layer on the canister surface, 

which will slow down the reaction rate. In addition, the swelling pressure of the 

bentonite may promote passivity by pressing the solid corrosion products against the 

metal surface, thus decreasing the porosity of the resulting oxide layer accessible to the 

transport of corroding agents (Puigdomenech and Taxén, 2000). The bulk of residual 

oxygen will ultimately be consumed by faster reactions than canister corrosion, such as 

the oxidation of pyrite and siderite in the bentonite and microbially mediated reactions 

in the host rock. 

 

As regards to canister manufacture, a concern that weld defects of the canister are 

potentially vulnerable to SCC has been brought forward (SKI, 2003), and, for that 

reason, special attention may be needed to pay to the weld region. However, King 

(2004) found no evidence from relevant corrosion literature that discontinuities 

remaining in the weld region of copper canisters, following the final closure welding 

and inspection procedures, would adversely affect the localized corrosion or SCC, and 

thereby the predicted service life, of copper canisters. Nevertheless, experimental 

verification of this issue could be in place. 

 

It is highly unlikely that general corrosion or pitting could lead to canister penetration 

during the canister’s design lifetime of 100,000 years4. In the long term, corrosion will 

continue mainly through the formation of copper sulphide, provided that sulphide is 

present at the canister-buffer interface and metallic copper is available. The sulphide is 

present in trace concentrations in most groundwaters (at Olkiluoto, on the order of a few 

micrograms per litre) and in some other EBS materials, such as bentonite and backfill. 

For example, in MX-80 bentonite, sulphide will be supplied in the bentonite pore water 

initially through dissolution of the pyrite impurity (0.3% by weight) in the bentonite. 

The dissolved sulphide concentration in the alkaline bentonite pore water will be limited 

by the low solubility of iron sulphides, and, therefore, depletion of the sulphides in the 

bentonite will take hundreds of thousands of years. Upon exhaustion of all of the 

sulphide in the bentonite, sulphate-reducing bacteria (SRB) will supply the dissolved 

sulphide currently observed in the groundwaters through microbial reduction of 

sulphate. 

 

The gradual and probably uneven saturation of bentonite will inevitably lead to local 

corrosion attack, which is likely of minor importance, however, due to the relatively 

short duration of the resaturation phase. Also, the use of high-purity, oxygen-free 

copper, the expected reducing chemical conditions in the near-field and the absence of 

tensile stresses through the copper canister wall will contribute to make stress corrosion 

cracking unlikely during the early evolution of the repository. 

 

Microbially catalyzed processes, which may have an important effect on the redox level 

in the buffer and backfill, are expected to start immediately upon wetting. Their 

importance in controlling the redox conditions will diminish with exhaustion of organic 

                                                 
4 In King et al. (2001), estimates of the general corrosion depth of 0.33 mm and localized corrosion depth of 0.33 mm 

(realistic)/1.3 mm (conservative) in one million years were given. 
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matter and oxygen, however. Because of the low activity of water (i.e. below 0.96), 

ensured by the high compacted density of the bentonite, bacterial populations will not 

be active and culturable at the bentonite-canister interface, provided that the buffer does 

not sustain locally decreased densities with higher pore water activities or that 

desiccation-generated cracks do not provide a migration pathway for SRBs, thereby 

preventing the occurrence of locally high sulphide concentrations there. Once the initial 

microbial population has become dormant, the transport of new microbes into the buffer 

does not occur due to the constrictive and nutrient-poor buffer environment (Pedersen, 

2000). Depression of microbial activity in the buffer was experimentally confirmed in 

AECL’s ITT (Stroes-Gascoyne et al., 2002). Likely reasons for the insignificant 

tendency towards reducing conditions in this test could be the absence of sulphide 

impurity in the bentonite used and the low fraction of readily soluble organic carbon 

(Cho et al., 2000; Stroes-Gascoyne et al., 2002), the oxidation of which to methane was 

suppressed by low microbial activity. Stroes-Gascoyne et al. (2002) suggested that the 

preferred site for microbial activity and transport in the buffer is presumably the 

granite/buffer interface. During the open phase of the repository, biofilms of microbes 

will develop and flourish on rock surfaces exposed to ventilation air and water carrying 

nutrients. 

 

It may be difficult to reach a density for the bentonite fraction in the backfill that would 

render the chemical environment hostile enough for bacteria to become inactive. 

Consequently, the backfill may serve as a source of dissolved sulphide through 

microbially catalysed sulphate reduction by oxidation of methane or organic matter 

introduced into the repository during the excavation and construction stages or if 

crushed rock used for backfilling were stored on the surface for a significant length of 

time. On the other hand, storage of excavated rock in surface piles for a number of years 

may contribute to leaching residual NO3
–
 and organics from explosives used in the 

excavation of a repository (Stroes-Gascoyne and Gascoyne, 1998). It may, therefore, be 

necessary to carefully adapt the backfill material to be used to the physico-chemical 

conditions anticipated to prevail in the repository near-field, since, in the long term, 

corrosion of copper will continue as long as sulphide and metallic copper are available. 

 

Copper outer-canisters are expected to remain unbreached for exceptionally long times, 

even millions of years, under normal evolution conditions. This will hold true despite 

occasional rapid recharges of oxidizing glacial melt water owing to the fact that the 

effects of any such event would be transient and to the great redox buffering capacity of 

the host rock and the buffer, expected to give rise to strictly anoxic conditions in the 

vicinity of the canisters.  

 

If the canisters are not breached by groundwater, the potential for large amounts of gas 

production in the near-field would be near-negligible. Outside the canisters, some 

hydrogen will be produced during sulphide corrosion of the copper surface and due to 

gamma radiolysis. However, the bentonite pore fluid is readily able to dissolve and 

transport all the hydrogen produced (e.g. Smart et al., 2004). Furthermore, significant 

organic degradation and consequent microbial gas generation by SRB populations will 

not occur in the vicinity of the canister due to their inactivity in compacted bentonite. 
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Cement-based sealing materials will react with groundwater and gradually degrade. The 

degradation is controlled initially by the release of readily soluble alkalis, conditioning 

the pore water pH to >13 (Figure 8). On exhaustion of the alkalis, the pore water pH 

will be buffered at about 12.5 for an extended period of time by portlandite, Ca(OH)2. 

Finally, the pore water composition will be governed by incongruently dissolving 

calcium silicate hydrate phases (CSH). Under deep, low-flow disposal conditions, the 

leaching of alkalinity from the cement pore water is expected to take hundreds of 

thousands of years, depending on the permeability of the cement and the groundwater 

composition.  

 

The persistence of the highly reactive high-pH fluids, arising mainly from injected 

grout, can possibly constitute a threat not only to the long-term stability of bentonite but 

also to fracture-fill minerals of the host rock. The reaction of the cement-conditioned 

alkaline water with the seal components will lower the pH and create a zone of altered 

mineralogy around the seal system by dissolving and precipitating reacting minerals. 

Consequently, it is possible that the hydraulic and chemical properties of the altered 

zone change to the extent that fractures in the host rock become clogged, thereby 

limiting the spread of the high-pH plume. Any high-pH plume will likely not adversely 

affect the chemical environment of the deposition holes and canisters due to the highly 

localized nature of such attack and the extremely slow dissolution kinetics of smectite 

under alkaline conditions (e.g. Sato et al., 2004). Furthermore, the scope of bentonite 

alteration by a high-pH fluid can be narrowed by argumentation based on mass balances 

and dilution/buffering and by use of low-alkali cements with a pore fluid pH of less than 

11 (to mitigate the dissolution of smectite clay) or non-cementitious grouts (Vieno et al., 

2003; Posiva, 2003). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  pH evolution of cement pore fluids (after Miller et al., 2000). C = Ca, S = Si, 

H = H2O. 
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Uncertainties 

 

Although there exist conceptual uncertainties with regard to the actual (abiotic) 

mechanism of illitization, considered as one of the most detrimental chemical effects on 

the EBS system, it is not likely to pose a threat to the buffer for reasons given above. To 

mitigate the risk of backfill illitization, potassium feldspar in the crushed-rock fraction 

should be avoided, because its newly-exposed mineral surfaces may generate a source 

of potassium ions on weathering (e.g. KASAM, 2003). 

 

The conventional concept of the smectite-to-illite (S-I) reaction and of reaction kinetic 

models may be challenged by two recent studies (Dong et al., 2003; Kim et al., 2004), 

which describe the remarkable ability of cultures of the microbe Shewanella oneidensis 

(formerly Shewanella putrefaciens) to promote the S-I phase transition. Contrary to the 

common belief that this reaction would require several months at elevated temperature 

and pressure, the microbe mediated the reaction in only 14 days at room temperature 

and 1 atmosphere through reduction of structural ferric iron. Due to the low activity of 

water and the constrictive environment, this reaction is not likely to take place in the 

compacted bentonite buffer. It may, however, pose a threat to the backfill with 

sufficiently high water activity to sustain colonies of other similarly acting metal 

reducing bacteria. The extent of the reaction is limited, however, by the scarcity of 

potassium ions5 and the amount of accessible nutrients in the backfill environment6. 

 

Besides residues of explosives, a potentially harmful group of stray material is 

constituted by organic material introduced mainly via ventilation air, hydrocarbons, 

urine as well as superplasticizers and other organic admixtures of cement introduced 

during the construction and operation of the repository (Vieno et al., 2003). Their 

effects on the repository environment are currently inadequately understood. The stray 

material may provide a source of food for both inadvertently introduced and indigenous 

microbes in the otherwise naturally nutrient-poor granitic rock environment. A part of 

the organic material will be consumed by oxygen reducing bacteria during the 

operational phase and immediately after the repository closure (Pedersen, 2000; Vieno 

et al., 2003). 

 

There is considerable uncertainty concerning the extent and consequences (mechanical, 

diffusion and gas release) of bentonite cementation in particular during a prolonged 

thermal phase that stem from deficient knowledge of pertinent reactions, 

dissolution/precipitation kinetics and transport of siliceous compounds therein. 

Furthermore, it is essential that the more complicated long-term alteration of bulk-sheet 

silicate phases, due to e.g. the reaction with hyperalkaline pore water from cement, be 

predicted. 

 

In light of present-day knowledge, the risk of large scale buffer loss through formation 

of bentonite colloids is fairly small. Nevertheless, the scope of erosion under conditions 

of extremely ion-poor groundwater, high flow rates, extended EDZ and long time 

frames should be given further consideration. In the backfill, the risk of erosion due to 

                                                 
5 If cementitious seals with high soluble potassium content and K-feldspar in the backfill can be avoided. 
6 If such metal reducing bacteria exist and are active in the repository environment, it would be important to know the 

amount of nutrients required for unit mass S-I conversion. 
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very saline groundwater or intrusion of glacial melt water is more apparent. With regard 

to the former, there is a limited amount of data available on the effects of high solute 

concentrations on barrier integrity. In particular, an uncertainty exists concerning the 

hydraulic conductivity of the buffer at very high salinities. Also, although it is well 

documented that the buffer is able to retain a considerable swelling pressure even in 

brines (Karnland, 1997; Dixon, 2000), the effects of elevated temperatures on the 

swelling pressure and capacity at very high salinities is at present subject to 

uncertainties.  

 

Interestingly, it was recently discovered that a considerable reduction of the water 

uptake capacity of MX-80 bentonite (by about 50%) compared with pure water took 

place when in contact with two highly saline solutions, a NaCl- and MgCl2-rich brine 

(Herbert et al., 2004). The decrease in water uptake was observed with increasing 

temperature and reaction time. It was accompanied by mineralogical alteration of the 

montmorillonite to non-swelling secondary phases to the extent that MX-80 bentonite 

was concluded to be unstable in the brines already in the short term (after 2 days). The 

situation was even more unfortunate for MX-80 in salt solutions with cement; the water 

uptake capacity was lost almost completely. On exposure of bentonite to saturated salt 

solutions, Di Maio (1996) reported significant osmotic consolidation of the clay, which 

persisted even on subsequent re-exposure to pure water. 

 

At this point, it is somewhat uncertain if the above could have implications for the long-

term performance of a deep repository from the mineralogical stability point of view 

during (1) the thermal phase, if considerable local enrichment of soluble salts occurs in 

the heated area due to the thermal gradient (e.g. Martín et al., 2000), possibly leading to 

generation of a highly saline pore fluid in the buffer on resaturation, (2) permafrost, if a 

dense brine formed by freeze-induced salt rejection reaches the repository level, and (3) 

up-coning of briny groundwater. The last two items as such pose a threat to the swelling 

pressure of the backfill [see e.g. Ahonen (2001) for discussion on the former], and also 

to the buffer, if considerable dilution of the buffer through extrusion into the deposition 

tunnel occurs. The above may also preclude the injection of a very saline solution to 

increase the buffer saturation rate, as suggested by Pusch and Kasbohm (2001). With 

regard to the second point, it is to be noted that the alteration of smectite tends to be 

decelerated at lowered temperatures. For a KBS-3 type repository to be constructed at 

Olkiluoto, Finland, a frontal threat of the saline groundwater [observed maximum 70 g/l 

TDS (Ruotsalainen et al., 2000), expected maximum due to freeze-induced salt 

exclusion slightly more than 35 g/l (King et al., 2002)] to the long-term chemical 

stability of bentonite is unlikely. 

 

During the initial oxidising conditions, consideration of copper corrosion mechanisms, 

which are limited in their requirement for a large exchange of mass between the 

deposition holes and the surrounding groundwater, such as pitting corrosion and SCC, 

appears worthwhile. The key question would be to take into consideration insufficiently 

characterized water chemistries or biochemical parameters (e.g., acetogenic bacteria, 

acetate, organic material), as well as their combinations, known to induce pitting 

corrosion or SCC. On the other hand, it has been suggested that the concentration of 

ammonia (and possibly acetate ions) present in the groundwater, and possibly as a result 
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of human activity during construction, will highly unlikely be at high enough a level to 

cause SCC during the early stages of the repository life (e.g. Werme et al., 2004). 

 

After the near-field chemical conditions have reverted to anoxic, it is not possible to 

totally rule out the possibility that copper will corrode in highly saline groundwaters 

encountered at depth in the Fennoscandian Shield (King et al., 2002) or by a localized 

attack by sulphides. Also, very little is known about the possibility of sulphides to 

initiate and sustain SCC. 

 

Although the risk of sulphide corrosion under normal evolution conditions due to SRB 

activity in compacted bentonite buffer may be excluded, it may become non-negligible, 

if the buffer is breached or diluted for any reason. 

 

Uneven wetting of bentonite and formation of preferential pathways through the buffer 

may lead to local corrosion attack. The scope of the attack is, however, uncertain due to 

uncertainties in the duration of the initial oxic period (e.g. King et al., 2002) and the 

extent of the supply of oxygen through the buffer. Salt enriched on the canister surfaces 

during bentonite resaturation phase might also affect canister corrosion. On the other 

hand, a high-pH plume originating from cementitious material would impose little 

negative impact on the integrity of the copper per se, since the stability of the passive 

film is improved with pH, as is its ability to prevent pitting corrosion (King, 2002; King 

et al., 2002; King and Werme, 2004; Posiva, 2003). However, after passivation in a 

high-pH environment, there is a possibility that the canister becomes more susceptible 

to localized corrosion in saline groundwaters (King et al., 2002). 

 

The degradation of cementitious structures may also be accompanied by such adverse 

effects as formation of preferential pathways for groundwater flow in cavities formerly 

occupied by cement (injection boreholes, liners and floors) and chemical alteration of 

smectite-containing EBS components. The extent of the latter could be very limited, 

however, for reasons given above. On the other hand, the question of the extent of 

alteration such barriers can tolerate without impairment of their performance has 

remained unanswered. Furthermore, in the event that the concomitant long-term 

consumption of fracture-fill minerals is very substantial, their ability to provide 

buffering against future chemical perturbations in the repository surroundings could be 

somewhat impaired. 

 

To reinforce the conception that a high-pH fluid from degrading cementitious material 

is unlikely to constitute a serious threat on the buffer, areas for further research could 

include (Vieno et al., 2003; Posiva, 2003): 

 pH buffering capacity of bentonite
7
, projected against the rates of smectite 

dissolution and OH
–
 diffusion in compacted bentonite, 

 mineral dissolution and growth kinetics, which are subject to considerable 

uncertainty, 

 alteration products and the properties of altered bentonite, 

 relative rates of chemical buffering and propagation of OH
–
 in bentonite to 

evaluate the risk of a high-pH-plume reaching a canister surface, and 

                                                 
7 Understood in the present context as the capacity (in units of moles per kilogram of clay) required to maintain the 

solution pH below 11 (Vieno et al., 2003). 
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 the long-term fate and effects of siliceous and aluminous reaction products 

dissolved during the migration of a high-pH leachate into the bentonite; the 

uncertainty stems from their potential to re-precipitate and cause cementation of 

the bentonite once the pH decreases. 

 

In the long term, the normal evolution of the near-field chemistry will be largely 

controlled by processes that are related to the salinity and oxygen-content of the 

groundwater as a result of climate change. 
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7 CONCLUSIONS 

 

In this report, a phenomenological description of processes, their uncertainties and 

associated time frames pertaining to the normal evolution of the KBS-3V repository 

near-field was given. The description of evolving near-field conditions external to an 

unbreached spent fuel canister was realized in terms of thermal, hydraulic, mechanical 

and chemical/biological processes. A brief account of the effects of future glaciations, 

canister manufacturing defects and small-scale tectonic activity was also taken. 

 

Although the evolving repository system is fraught with uncertainties, some of which 

are undoubtedly of a rather fundamental type, only few of them are supposedly serious 

enough to compromise the long-term safety of the multi-barrier KBS-3V repository in 

the long-term. 

 

Possibly the most obvious threat is the loss of backfill swelling pressure in contact with 

saline groundwaters. This may constitute a hazard to the performance of the buffer, too, 

if upward expansion of the compacted bentonite into the backfill takes place. 

Consequently, the buffer could become prone to highly reduced swelling pressures in 

saline groundwater environments as well as microbial activity, which could give rise to 

an early canister breach by corrosion attack. Substantial extrusion of the buffer may also 

be accompanied by lifting of the canisters from the deposition holes. 

 

Another great uncertainty relates to the duration of the buffer resaturation period. 

Depending on the hydraulic boundary condition at the host rock, the implications for the 

buffer can be very different, albeit adverse. A very dry deposition hole could result in 

greatly delayed resaturation and unforeseen changes in the bentonite, whereas a very 

wet deposition hole could lead to significant bentonite extrusion and erosion.  

 

Although several unresolved issues exist in relation to e.g. copper corrosion 

mechanisms, chemical alteration of the bentonite buffer, the effects of engineering and 

stray material, etc., none of them are presumably critical enough to jeopardize the 

canister integrity in a time perspective of 100,000 years, or more. For example, the 

prediction made in the context of copper corrosion over a quarter of a century ago that 

the canister lifetime exceeds 100,000 years is still valid today (King et al., 2002; Werme 

et al., 2004).  
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