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Figure 11-1. The SR-Site methodology in eleven steps (Section 2.5), with the present step highlighted.

11.1 Introduction
As mentioned in Section 2.5.8, a key feature in managing uncertainties in the future evolution of the 
repository system is the reduction of the number of possible evolutions to analyse by selecting a set 
of representative scenarios. 

The selection focuses on addressing the safety relevant aspects of the evolution expressed at a high 
level by the safety functions containment and retardation which are further characterised by reference 
to safety function indicators, as discussed in Chapter 8. 

In Section 2.5.8 the regulatory requirements in the selection of scenarios were discussed and a general 
methodology for the selection of scenarios was presented. The methodology explains i) how a main 
scenario, closely related to the reference evolution, is defined and ii) the principles for selecting a 
number of additional scenarios, based on safety functions. 

In the following, the selection of additional scenarios based on safety functions is carried out in 
Section 11.2.1, a structure for the further analyses of these scenarios is presented in Section 11.2.2, 
leading to a template for the account of the analyses given in Section 11.2.3. All selected scenarios 
are summarised in Section 11.3. A discussion on uncertainties in relation to scenario selection was 
given in Section 2.8. 
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11.2 Scenarios derived from safety functions; selection and 
structuring for analysis

11.2.1 Selection of additional scenarios
Uncertainties not covered by the reference evolution
As discussed above, the main scenario is based on the reference evolution that covers the evolution 
of the repository system for a realistic initial state of the repository and for an example of a credible 
evolution of external conditions over the assessment period. 

However, as implied by the terms ‘realistic’ and ‘credible’, significantly different conditions and 
hence different repository evolutions cannot be ruled out. There are uncertainties regarding the initial 
state, the processes governing the evolution and the external conditions. Not all these uncertainties are 
covered in the reference evolution on which the main scenario is based and they need to be explored 
in a set of additional scenarios. The evaluation of uncertainties explores whether more extreme initial 
state and external conditions need to be included in the analyses, and if uncertainties related to the 
handling of processes warrant further analyses.

Approach to selection of additional scenarios
A structured selection approach is required in order to obtain a set of additional scenarios that can be 
argued to be comprehensive. The purpose of the scenarios is to aid in a critical evaluation of reposi-
tory safety and it is, therefore, natural to use the safety functions and the safety function indicators 
discussed in Chapter 8 when seeking a structure for scenario selection. 

The approach taken in SR-Site is to use the safety functions with their indicators and indicator criteria 
as expressed in Figure 10-2 to define a set of scenarios that are distinguished by their different status 
of the safety functions. The scenarios thus consider cases where the possibility and consequences of 
partially or completely losing one or several of the safety functions are evaluated. Examples are sce-
narios where canisters fail due to corrosion, to isostatic overpressure or to shear movements in fractures 
intersecting the deposition hole. The scenarios are defined without consideration of their likelihood. 

In the analyses of the selected scenarios, all conceivable routes to the loss of the safety function 
that defines the scenario are critically examined, in order to evaluate the likelihood of the scenario, 
its consequences and its potential contribution to the risk summation for the repository. From the 
understanding of the functioning of the repository system, this examination is focussed on the factors 
contributing to the particular safety function, thus focussing the evaluation of each scenario on a 
limited set of uncertain factors. The FEP chart, Figure 8-4, is an aid when identifying such factors. 
The basis for the evaluation is the analysis of the reference evolution, where all the factors covered 
in the FEP chart are analysed for reference conditions. 

The approach taken when selecting scenarios is thus to ask the question: What characterises a failed 
repository? The answer to that question is a list of states where one or several safety functions are 
not upheld, e.g. a situation where advection is the dominant transport mechanism in the buffer. The 
analyses of the so selected scenarios then focus on identifying and quantifying all conceivable routes 
to these failed states. The goal, for each scenario, is to either dismiss it, since no credible such route 
can be identified, or to assess its likelihood and consequences so that it can be included in the risk 
summation for the repository. For the latter scenarios, it may, as feedback to future design develop-
ment, be appropriate to consider whether modifications to the design could eliminate or reduce the 
potential for occurrence of the scenario. 

Elaboration of list of safety functions for the scenario selection
The primary safety function of a KBS-3 repository is containment. Therefore, an obvious step when 
selecting scenarios based on safety functions is to select three canister scenarios based on the three 
safety functions directly related to canister containment, i.e. scenarios characterised by (Figure 10-2)

A. Canister failure due to corrosion, safety function Can1.

B. Canister failure due to isostatic load, safety function Can2.

C. Canister failure due shear load, safety function Can3.
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For the further selection of scenarios, the list of safety functions requires some elaboration, since 
many of the safety functions are overlapping or inter-connected. The buffer safety function ‘limit 
advective transport’ is e.g. connected to the canister safety function ‘provide corrosion barrier’ in 
that corrosion is strongly enhanced if advective conditions prevail in the buffer. A comprehensive 
evaluation of the canister corrosion scenario must thus encompass also an evaluation of advection 
in the buffer. In general, each of the above three scenarios related to canister failure needs to be 
combined with relevant states of the buffer in order to obtain a comprehensive evaluation. 

Derivation of critical buffer states
From the safety functions, six buffer states related to safety can be derived:

1. A basic state is the intact buffer, where all buffer safety functions are upheld. 

2. Another state directly derivable from the safety functions is the buffer with advective conditions, 
relating to loss of the safety functions Buff1a or Buff1b. A special case of advective conditions 
occurs when the buffer is not able to keep the canister in its intended vertical position so that, in 
the most extreme case, the canister has sunk to the bottom of the deposition hole. The buffer diffusion 
barrier is then lost and the mass transfer between the groundwater and the canister is controlled 
by advection in the surrounding rock and possibly also in the buffer. This relates to the buffer 
function Buff5 (prevent canister sinking). 

3. Another state needing consideration is the transformed buffer. This is related to the buffer function 
Buff4 that concerns the maximum temperature of the buffer. There are, however, a number of 
additional potential causes for, or routes to, buffer transformation that also need to be considered 
in order to fully evaluate this buffer state. 

4. A frozen buffer must be considered, relating to the buffer function Buff6b. 

5. A dense buffer considers a situation where the density of the buffer is higher than that given in 
the design premises. This state relates to the buffer function Buff3 (damp rock shear) and Buff6a 
(limit swelling pressure on the canister).

6. Finally, a buffer housing active microbes implies a situation where microbial reduction of 
sulphate needs to be considered in the buffer itself. This state relates to the function Buff2.

These are six buffer states, five of which that may be characterised as ‘failed’, that emerge from the 
list of safety functions, and also from the general understanding of the role of the buffer and its evolu-
tion over time in a KBS-3 repository. Of these, the first four are treated as distinct buffer scenarios 
(one intact and three failed). The last two, the dense buffer and the buffer housing active microbes are 
included in the analyses of the relevant canister scenarios as indicated in Figure 11-2. Both these are 
related to the buffer density and swelling pressure, and are readily analysed within the appropriate 
canister scenarios, hereby reducing the number of scenarios and the complexity of the account of the 
scenarios.

11.2.2 Structure for analysis of the additional scenarios
Approach
The analysis of the additional scenarios uses the reference evolution as a point of departure. The 
analysis of each of the scenarios then focuses on an evaluation of possible uncertainties of relevance 
to the particular scenario, including uncertainties that are not addressed in the analysis of the refer-
ence evolution. These uncertainties may be related to the initial state of the repository, to processes 
governing repository evolution or to external influences. 
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For example, in the analysis of the buffer advection scenario, the following issues are among those 
addressed.

•	 Could	the	initial	density	of	the	buffer	–	density	being	a	critical	factor	for	the	occurrence	of	buffer	
advection – for any reason be lower than the reference initial density assumed in the reference 
evolution?

•	 Are	there	remaining	conceptual	uncertainties	related	to	the	buffer	colloid	release/erosion	process	
(leading to loss of density) that are not addressed by the models used to quantify this process in 
the reference evolution? This includes effects of piping and erosion during the saturation of the 
repository.

•	 Could	the	groundwater	composition	and	flow	be	less	favourable	to	safety	due	to	the	induction	
of buffer advection than the composition and flow that follow from the reference external condi-
tions, a repetition of the Weichselian glacial cycle, in the reference evolution?

Figure 11-2. The main components of the scenario selection and analysis procedure where safety functions 
of the canister and the buffer are used to derive the additional scenarios (yellow and orange squares). The 
safety function indicators of relevance in each scenario are given with the same nomenclature as in Figure 8-2.
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Combination of scenarios related to buffer functions and canister functions
Each of the three failed buffer states is evaluated as a separate scenario, critically examining all 
identified routes to them, as described under the previous sub-heading. Their consequences in terms 
of canister failures and release of radionuclides are, however, not evaluated until they are combined 
with the three canister scenarios defined above. By this procedure, much of the issue of combining 
scenarios is handled. Figure 11-2 shows schematically how the scenario analysis based on safety 
functions is carried out. Note that, if the analysis of a particular buffer scenario comes to the conclusion 
that it is to be considered as residual, then it is not propagated to the canister scenarios defined above. 

The safety functions related to the rock are evaluated within each of these combinations through the 
consideration also of uncertainties related to geosphere and external conditions when evaluating both 
the buffer states and the canister failure modes (see buffer advection example above). This is neces-
sary since e.g. the potential occurrence of advective conditions in the buffer is directly related to the 
groundwater composition through the safety function R1c (groundwater minimum ionic strength) 
and the occurrence of canister failures due to rock shear is directly related to rock movements 
through the safety functions R3b and c, see further Figure 11-2.

Approach to retardation
The approach presented so far concerns direct failure modes of the canister, and how the buffer safety 
functions relate to these failure modes, i.e. it is related to the primary safety function of the repository. 
The approach taken to evaluate also the secondary safety function, retardation, is to determine, for each 
of the canister failure modes, uncertainties related to retardation. This approach is strongly motivated 
by the fact that each canister failure mode has distinct consequences for retardation, thus requiring a 
specific evaluation of uncertainties related to this characteristic. 

Within each scenario, uncertainties related to the relevant aspects, for that particular scenario, of 
retardation properties of the fuel, the canister, the buffer, the deposition tunnel backfill and the geo-
sphere are evaluated. Many of the uncertainty issues overlap with those relevant for containment. 
For example, advective conditions in the buffer are relevant for both containment, through the inward 
transport of canister corroding agents, and for retardation, in relation to the outward transport of 
radionuclides. This evaluation is made in Chapter 13, following a similar but simpler approach to 
that used in the evaluation of scenarios related to containment, see Section 11.2.3. 

Classification as ‘less probable’ or ‘residual’
A key point in the evaluation of the scenarios is to arrive at an assessment of whether there is any 
possibility of the scenario occurring. If this is the case, the scenario is classified as ‘less probable’ 
and included in the risk summation, otherwise it is defined as ‘residual’.

There is no numerical limit to the probability below which a scenario is considered as residual in 
SR-Site. The approach taken is that if it can be argued that a scenario is not physically reasonable, 
given cautious evaluations of current knowledge of e.g. barrier properties, processes and effects of 
future climate changes, then the scenario is considered as residual.

A more precise definition, covering all possible situations, is not seen as possible or meaningful to 
formulate; the reader is referred to the implementation in Chapter 12 for detailed applications of the 
approach. 

Common causes affecting several scenarios, combination of scenarios
As mentioned above, through the combination of buffer- and canister-related scenarios, much of the 
issue of combining scenarios is handled. There are, however, some additional considerations regarding 
scenario combinations. 

Combinations of the canister failure scenarios need to be considered. Are the identified failure modes 
independent, so that their risk contributions can be added, i.e. are their causes independent? Furthermore, 
is the response to a particular failure cause independent of whether another cause is acting simultane-
ously? The combination of isostatic load and loads caused by a rock shear movement on a canister 
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illustrates both these issues: Is the likelihood of an earthquake independent of whether a major ice 
sheet, potentially generating high groundwater pressures, exists above the repository? If these two load 
situations can exist simultaneously, is the canister response to an earthquake-induced shear movement 
independent of the existence of an isostatic overpressure? 

Also combinations of the buffer states need to be considered in a similar way. The freezing tempera-
ture of the buffer is e.g. dependent on the buffer density which is lowered when advective conditions 
prevail in the buffer.

When the analyses described in Figure 11-2 are completed, the issue of combinations is revisited 
through a structured approach aiming at a comprehensive treatment of scenario combinations, see 
further Section 12.9.

Risk summation
The risk contributions from each of the scenarios form the basis for a risk summation, when the 
scenario analyses are completed. 

Risk contributions from scenarios that are independent are added, if combinations do not lead to 
higher consequences than the individual scenarios. If combinations may lead to higher consequences, 
the likelihood and consequences of each such combination are also assessed. 

In the summation, it is also observed whether some sub-sets of the scenarios are mutually exclusive, 
in which case the total consequence of the sub-set cannot exceed that of the scenario with the highest 
consequence in the sub-set. This is a way of bounding the risk from a set of mutually exclusive 
scenarios (or cases within a scenario) if the basis for apportioning probabilities among the members 
of the set is limited.

Relation to reference evolution
For several safety function indicators, criteria exist such that if the criterion is fulfilled, a certain 
phenomenon, negatively impacting safety, is excluded. Freezing of the buffer is e.g. excluded if the 
buffer	temperature	is	above	−4°C.	If	the	criterion	was	assessed	to	be	fulfilled	in	the	reference	evolution,	
then the evaluation focuses on conceivable routes, beyond those covered by the reference evolution, to 
a violation of the criterion. Guided by the FEP chart, see Section 8.5, uncertainties related to initial state 
and external conditions as well as conceptual uncertainties associated with processes are explored. 

If the indicator is not associated with a criterion, or if the criterion was assessed to be violated in 
the reference evolution, then it is evaluated if the value of the safety function indicator could be less 
favourable for safety than is the case in the reference evolution. Again, uncertainties related to initial 
state, external conditions and processes are explored.

11.2.3 Template for assessment of scenarios based on safety functions 
A common template is followed in the analysis of all scenarios derived from safety function indica-
tors. The template is given below, and, for each heading, a brief description of the information that 
can be expected under it is given. Minor modifications of the structure for a specific scenario are 
made as appropriate, but the contents given below are always covered.

Note that the template covers only the analysis of containment potential in Chapter 12. Consequence 
calculations for the canister failure modes assessed in the scenarios are carried out in Chapter 13, 
according to procedures described in that chapter. 

Safety function indicator(s) considered 
The safety function under consideration is stated. If the scenario concerns a safety function for which 
a criterion of adequate safety function has been determined, it is stated that this criterion is assumed 
to be violated. The degree to which it is violated is specified as the analysis continues.
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In some cases, several safety functions are evaluated within the same scenario, since they all relate 
to circumstances that are relevant to a common safety issue. If this is the case, all involved functions 
and their dependencies are explained. The function indicator “buffer hydraulic conductivity” related 
to the safety function Buff1 is e.g. related to the indicators “buffer swelling pressure”, “minimum 
ionic strength of groundwater”, “limited salinity” and “backfill density”.

Treatment of this issue in the reference evolution
The treatment in the reference evolution is described briefly. 

Qualitative description of routes to this situation 
The table of uncertainties derived from the analysis of the reference evolution is revisited, in order 
to identify uncertainties requiring further treatment in the scenario under consideration. Based on 
this table and the FEP chart, the factors contributing to the possible occurrence of the scenario are 
presented. The presentation results in a listing of i) initial state factors, ii) processes and iii) external 
conditions to be considered. 

Quantitative assessment of routes to this situation
A critical evaluation of the analysis of the reference evolution is carried out, in order to exhaustively 
evaluate all conceivable routes to the situation characterising the scenario. Uncertainties possibly 
remaining after the treatment in the reference evolution are addressed. For example, initial state condi-
tions not covered by the reference initial state are addressed as are external conditions not covered by the 
reference external evolution. Conceptual uncertainties related to the processes involved are discussed.

An analysis of the importance of the sequence in which different processes or events occur is made.

Unless overridden by assumptions related to this particular scenario, the scenario is analysed for the 
reference glacial cycle, the global warming variant and other relevant climate cases, to satisfy SSM’s 
requirement that each scenario is to be analysed for several alternative climate evolutions.

Categorisation as “less probable” or “residual” scenario 
Based on an assessment of plausibility of the routes to the situation, the scenario is characterised 
as either a “less probable” scenario if its occurrence cannot be ruled out or otherwise as a “residual” 
scenario. In the former case, the consequences of the scenario are included in the risk summation 
for the repository, which means that an assessment of the likelihood of the scenario’s occurrence 
is made. In some cases it is relevant to consider both the probability that a single deposition hole 
is affected and the probability of all (or many) holes being affected. In the “residual scenario” case, 
the consequences of the scenario are not included in the risk summation for the repository.

Conclusions
Conclusions, based on the results under the previous headings, are drawn.

11.3 Summary of scenario selection

Table 11-1 summarises the result of the scenario selection carried out as described in this chapter. 

The reference evolution described in Chapter 10, is defined as the main scenario and forms the basis 
for selection of additional scenarios. 

The safety functions are used as a basis for the selection of additional scenarios. These comprise three 
buffer scenarios, representing ‘failed’ states of the buffer and three canister scenarios, representing 
distinct canister failure modes. The buffer scenarios are analysed first and each buffer state is then 
considered in the analyses of the canister failure modes. Should, however, the analyses of any of the 
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buffer states lead to the conclusion that it can be ruled out, that state is not propagated. The outcome 
of the analyses in Chapter 12 determines whether a combination is ‘less probable’ and hence 
included in the risk summation, or ‘residual’.

Scenarios related to future human actions and other scenarios analysed e.g. in order to understand 
barrier functions are included as necessary if not covered by the results of the already analysed 
scenarios. These latter points are discussed in Section 2.5.8. 

The completeness of the set of selected scenarios is discussed in Chapter 15.

In summary, the scenario methodology is an investigation of all routes to the three identified canister 
failure modes aiming at ruling them out or at quantifying them, considering all conceivable evolu-
tions of the system. The safety functions of the repository components and the understanding of the 
development of the repository system emerging from the analysis of the reference evolution form the 
basis for exhaustive evaluations of such routes.

Table 11-1 Result of scenario selection. Green cells denote conditions for the base case of the 
main scenario, red cells denote deviations from those conditions. 

Main scenario/Reference evolution
Name Initial state EBS Initial state Site Process handling Handling of external conditions

Base case. Reference  
± tolerances.

Site descriptive 
model (with variants/ 
uncertainties).

According to 
Process reports.

Reference climate (repetitions 
of Weichselian glacial cycle)  
No future human actions (FHA).

Global warming 
variant.

Reference  ± toler-
ances.

Site descriptive 
model (with variants/ 
uncertainties).

According to 
Process reports.

Extended warm period  
No future human actions (FHA).

Additional scenarios based on potential loss of safety functions (“less probable” or “residual” based on outcome of analysis)
Name Initial state EBS Initial state Site Process handling Handling of external conditions

Buffer advection. Scrutinise uncertainties of relevant initial state factors, internal processes and external conditions  
possibly leading to violation of safety function indicator under consideration. Analysis of reference  
evolution used as starting point.

Buffer freezing. See above.
Buffer  
transformation.

See above.

Consider each of above three buffer states + intact buffer when analysing the three canister scenarios below.
Canister failure 
due to isostatic 
load.

Scrutinise uncertainties of relevant initial state factors, internal processes and external conditions  
possibly leading to violation of safety function indicator under consideration. Analysis of reference  
evolution used as starting point.

Canister failure 
due to shear load.

See above.

Canister failure 
due to corrosion.

See above.

Hypothetical, residual scenarios to illustrate barrier functions
Name Initial state EBS Initial state Site Process handling Handling of external conditions

Several cases, 
covering together 
the KBS-3 barriers.

As base case of main scenario, except factors related to the hypothetical loss of barriers.

Scenarios related to future human actions
Name Initial state EBS Initial state Site Process handling Handling of external conditions

Boring intrusion. As base case of 
main scenario.

As base case of 
main scenario.

As base case of 
main scenario, 
except processes 
affected by boring.

Reference climate + boring.

Additional intrusion 
cases, e.g. nearby 
rock facility.

As base case of 
main scenario.

As base case of 
main scenario.

As base case of 
main scenario, 
except processes 
affected by intrusion.

Reference climate + intrusion 
activity.

Unsealed  
repository. 

As base case of 
main scenario, but 
insufficient sealing.

As base case of 
main scenario.

As base case of 
main scenario, 
modified according 
to initial state. 

Reference climate.
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12 Analyses of containment potential for the 
selected scenarios

12.1 Introduction 
12.1.1 General
This chapter deals with analyses of the containment potential for most of the scenarios selected in 
Chapter 11.

Scenarios derived from safety function indicators are analysed in Section 12.2 through 12.8. The 
three buffer scenarios are treated in Sections 12.2 to 12.4 and then propagated to the three canister 
scenarios analysed in Sections 12.6 to 12.8. 

The chapter also provides, in Section 12.9, an analysis of possible combinations of the above scenarios.

Analyses of the retardation potential for the scenarios analysed in this chapter are carried out in 
Chapter 13.

The containment potential of the main scenario is not analysed in detail in this chapter since it is closely 
related to the containment potential for the reference evolution that was analysed in Chapter 10, see 
further Section 12.1.2. 

Hypothetical, residual scenarios to illustrate barrier functions are also not analysed in this chapter, 
since the affected barrier properties are postulated and not the outcome of an analysis. Assumptions 
regarding such barrier states and analyses of consequences are presented in Chapter 13, Section 13.7. 

Both containment and retardation potential for FHA scenarios is analysed in Section 14.2, where also 
an account of the methodology for the FHA scenarios is given.

12.1.2 Definition of the main scenario 
The main scenario corresponds closely to the reference evolution described in Chapter 10. The defi-
nition of the main scenario thus includes the detailed prerequisites given for the general evolution 
in Section 10.1.1. The aim of that description is to present a reasonable evolution of the repository 
system, and that is also the aim with the main scenario. Therefore, most of the developments and 
results described in Chapter 10 apply to the main scenario. As for the reference evolution, there are 
two variants of the main scenario; the Weichselian base case and the global warming variant. 

There are also a number of uncertainties associated with the reference evolution. Those uncertainties 
requiring further consideration regarding containment are compiled in Table 10-27. All these are 
revisited in the analyses of the additional scenarios in the subsequent sections, where uncertainties are 
addressed as appropriate for the scenario in question. Therefore, it is not meaningful to assess these 
uncertainties here to arrive at a more precise judgement on the evolution of the main scenario. Rather, 
a brief assessment of the containment potential of the main scenario is given in Section 12.9.2, after the 
analyses of the additional scenarios, when such an assessment can be based on the outcome of the more 
detailed evaluation of uncertainties in the additional scenarios.

12.1.3 Climate development for the scenario analyses
As mentioned in Section 6.2.4, in addition to the external evolution for the reference scenario, 
complementary climate cases, with potentially larger impacts on repository safety than the reference 
glacial cycle, have been analysed as documented in the Climate report. These results are utilised 
as appropriate in the analyses of the containment potential of the additional scenarios. The climate 
cases are shown in Figure 12-2.

The reference glacial cycle constitutes the external conditions for the reference evolution, analysed 
in Chapter 10, with the global warming climate case as a variant also analysed in Chapter 10. 
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Figure 12-1. The SR-Site methodology in eleven steps (Section 2.5), with the present step highlighted. This 
chapter deals with the analysis of containment potential in step 9. The retardation potential is analysed in 
Chapter 13.
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Figure 12-2. Summary of future climate cases analysed in the SR-Site safety assessment. The Maximum 
ice sheet configuration climate case, with maximum ice thicknesses, is not shown. However, it is contained 
within the temporal development of the extended ice sheet duration case. For a description of the climate 
domains, see the Climate report, Section 1.2.3.
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The longest period of temperate climate conditions for the coming 120,000 years, resulting in the 
longest period of groundwater formation from precipitation, is found in the extended global warming 
climate case. This case is relevant for the assessment of the extent of buffer erosion potentially 
leading to advective conditions in the buffer, see Section 12.2. 

The most extended period of periglacial climate conditions, with longest periods of permafrost 
and deepest frozen ground at Forsmark, is found in the severe permafrost case. This case is relevant 
for the analysis of buffer freezing in Section 12.3. The largest uncertainty for the development of 
permafrost and frozen ground is however connected to the reference glacial cycle, meaning that the 
widest uncertainty interval for freezing occurs in this climate case. 

The longest period of glacial conditions, and associated period of groundwater formation from glacial 
melt water, is found in the extended ice sheet duration case. Also this case is relevant for the assess-
ment of buffer advection in Section 12.2.

The maximum future ice sheet thickness, and resulting largest increase in hydrostatic pressure at 
repository depth, is found in the maximum ice sheet configuration case. This case is not depicted 
in Figure 12-2. However it is contained within the temporal development of the extended ice sheet 
duration case. It is relevant for the analysis of canister failure due to isostatic load in Section 12.7.

The six climate cases together cover the expected maximum range within which climate and climate 
related conditions of importance for long-term repository safety may vary within the time scales 
analysed in SR-Site, i.e. over multiple glacial cycles. The actual development of climate and climate 
related processes of importance for a KBS-3 repository at the Forsmark site are expected to lie within 
the range covered by the six climate cases in Figure 12-2.

12.2 Buffer advection 
12.2.1 Introduction
Safety function indicator(s) considered 
A central safety function of the buffer is to prevent advective transport of species between the ground-
water and the canister, (safety function indicators Buff1a and b) ensuring that diffusion is the dominant 
mechanism of transport. In order to maintain this safety function, the buffer must have a sufficiently 
low hydraulic conductivity. A prerequisite for an appropriate and homogeneous hydraulic conductivity 
is also a certain minimum buffer swelling pressure, which ensures tightness and self-sealing of the 
material.

In this scenario, conceivable routes to a violation of the buffer hydraulic conductivity criterion 
are examined. Basically, there are two routes to a situation where advection could be an important 
mechanism for transport in the buffer.

•	 A	drop	in	dry	density	caused	by	loss	of	buffer	material	which	would	give	a	hydraulic	conductivity	
sufficiently high for advection to dominate over diffusion, or too low a swelling pressure to 
maintain the self-sealing ability.

•	 Transformation	of	the	montmorillonite	in	the	buffer	to	another	mineral	with	different	hydraulic	
properties.

The results of these routes could lead to either:

•	 High conductivity case: A case where so much buffer material is lost that water can flow through 
the buffer,

•	 Fracture case: A case where the buffer has lost its sealing properties and a conductive fracture is 
formed in it.

For an intact canister, advection concerns the transport of corroding agents to the canister. For a 
defective canister, transport of radionuclides to the groundwater is affected. 

A number of factors influence, directly or indirectly, the buffer hydraulic conductivity. The hydraulic 
conductivity is directly influenced by the buffer density, and the type of cations in the buffer. These 
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factors also influence the buffer swelling pressure. The swelling pressure is further influenced by the 
ionic strength of the surrounding groundwater. 

There are a number of safety function indicators that can be seen as “sub-indicators” to the “master” 
indicator buffer hydraulic conductivity. These are all used to evaluate this scenario: 

•	 Buffer	swelling	pressure	>	1	MPa.	

•	 Minimum	cation	charge	concentration	in	the	groundwater	Σq[Mq+]	>	4	mM.	

•	 Limited	groundwater	salinity.

A	maximum	temperature	of	100°C	or	a	pH	of	<	11	can	also	be	seen	as	sub-indicators	for	this	
scenario. The consequences of these are evaluated in Section 12.4.

A special case of this scenario is the effect of a sinking canister. This is dealt with in Section 12.2.4.

Treatment of this issue in the reference evolution
In the reference evolution, advection as a transport mechanism in the buffer is assumed to the extent 
suggested by the results of calculations of the base case for the reference evolution in Section 10.3.11, 
where 23 out of approximately 6,000 deposition positions are calculated to experience advective 
conditions within one million years for the base case realisation of the semi-correlated hydrogeological 
DFN model.

Bounding cases
For the reference evolution, the mean number of canisters calculated probabilistically to fail during the 
one million year assessment period due to buffer colloid release/erosion leading to buffer advection 
and hence enhanced corrosion is 0.12 for the semi-correlated hydrogeological DFN model, see 
Section 10.4.9. There, it is also demonstrated that the consequences in terms of canister failures are 
similar (on average 0.17) if advection is assumed initially in all deposition positions. (In both 
these cases rejection according to EFPC is assumed.) 

This result is important for the treatment of the buffer advection scenario. Irrespective of the outcome 
of the complex interplay of a number of uncertain factors influencing the occurrence of buffer advec-
tion, the consequences in terms of canister failures are always bounded by the case where advection 
is assumed for all canisters throughout the assessment period, and these failure rates are similar to 
those for the reference evolution where only a small fraction of the deposition holes are affected by 
advective conditions in the buffer. The reason for this simplifying circumstance is that the time taken 
to erode the buffer to the extent that advection occurs is shorter than that required to cause corrosion 
failure once the advective conditions are established. For both processes, the groundwater flow rate at 
the deposition position in question is an important determining factor, and dependence on other factors 
influencing erosion and corrosion, respectively, is such that the time required to reach advective condi-
tions is, in general, shorter than that required to cause corrosion failure once advective conditions are 
established. It is also noted again that it is only in the small number of holes that have high advective 
flow rates in the intersecting fractures that erosion and subsequent enhanced corrosion could lead to 
canister failures in one million years. 

As also discussed in the reference evolution Section 10.3.11, a situation where erosion does not occur is 
also conceivable given the incomplete understanding of this process as such and uncertainties regarding 
future groundwater compositions.

Three important cases can therefore be envisaged before this scenario is analysed: 

1. a case where advective conditions occur to the extent given by the reference evolution treated in 
Chapter 10,

2. a case where advective conditions occur in every deposition hole throughout the assessment period,

3. a case where diffusive conditions are preserved in every deposition hole throughout the assessment 
period. 

These three cases, two of which are bounding, are used as a background for the discussion below.
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As mentioned in the reference evolution, the buffer colloid release/erosion process is poorly under-
stood and leads already in the reference evolution to loss of buffer mass to the extent that advection 
cannot be ruled out for a few deposition holes during the first glacial cycle. In a one million year 
perspective, case 2 is therefore not vastly different from the reference evolution case 1, in particular 
since advective conditions in the buffer are tolerated by the canister throughout the assessment period 
for the majority of deposition holes and for around 100,000 years for all holes, according to the calcula-
tions in Chapter 10. The three cases can, therefore, be said to reasonably reflect the current uncertain 
knowledge of the extent of buffer colloid release/erosion. They are however encompassing in the sense 
that it is difficult to conceive of a worse situation than case 2 or a more favourable situation than case 3.

Qualitative description of routes to buffer advection (including initial state aspects and 
external conditions)
As mentioned, the buffer density plays a key role for the buffer’s ability to prevent advection. The 
density may decrease due to erosion induced by piping as the buffer saturates, through buffer expansion 
into the deposition tunnel as a saturated buffer swells or through erosion caused by dilute groundwater 
for glacial conditions. Buffer expansion into the deposition tunnel will be counteracted by the tunnel 
backfill material, meaning that factors affecting the density and compressibility of the backfill material 
could also indirectly influence buffer hydraulic conductivity.

Of these factors, colloid release/erosion caused by dilute groundwater has by far the highest impact 
on density in the reference evolution and it is the only factor that causes any considerable alteration 
of buffer density over the one million year assessment period in that evolution. 

The overall conclusion from the analysis of the reference evolution is, therefore, that the buffer is 
expected to function as intended until intruded by dilute groundwater, and, if dilute conditions prevail 
for tens of thousands of years, there is currently little confidence that advection is prevented in the 
deposition positions intersected by the fractures with the highest flow rates. At the end of the one 
million year assessment period, 23 deposition positions are calculated to experience advective con-
ditions for the base case realisation of the semi-correlated hydrogeological DFN model.

The following factors of importance for buffer advection are identified, based on the discussion 
above, on Table 10-27 describing uncertainties identified in the reference evolution and on the FEP 
chart, Figure 8-4.

Initial state factors involved

•	 Buffer	density	(amount	of	dry	mass	deposited).	
•	 Backfill	density	(amount	of	dry	mass	deposited	above	the	deposition	hole).
•	 Type	of	buffer	material	used	(This	is	not	an	uncertain	factor,	but	the	evolution	will,	in	some	

respects, be different for e.g. the two materials considered in SR-Site).

Processes involved 
A number of different processes could lead to a drop in buffer density:

•	 piping/erosion	during	the	early	stage,
•	 swelling/expansion	into	the	backfill,
•	 buffer	erosion/colloid	release.

For a given density, the hydraulic conductivity and swelling pressure will be determined by the 
following processes:

•	 ion	exchange,	
•	 osmosis.	

The hydraulic conductivity and swelling pressure of the buffer will also be determined by the 
process of montmorillonite transformation.
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External conditions involved

•	 Geosphere	conditions	yielding	very	high	or	very	low	ionic	strengths	of	groundwater.
•	 Geosphere	conditions	leading	to	increased	flow.

There are thus a large number of factors that need to be considered in the buffer advection scenario.

12.2.2 Quantitative assessment of routes to buffer advection
In the reference evolution, the reference buffer and backfill densities are addressed, as are reasonably 
high and low ionic strengths and durations of such conditions for a glacial cycle. The possibility for 
the transformation of the montmorillonite in the buffer is also evaluated.

Initially deposited dry buffer mass 
The effect of a variation in the composition of the buffer material is not discussed in the reference 
evolution. It is expected that the defined delivery and quality control systems will ensure that all 
material will meet the specified requirements. These material requirements have not yet been fully 
defined. However, considering the very small difference in the important properties between the two 
reference materials in SR-Site at the target density (see Section 5.5), it can be concluded that varia-
tion in the material composition will have a rather limited effect on buffer performance. As seen in 
the assessment of the geochemical evolution of the buffer in Section 10.3.8 and in / Sena et al. 2010/ 
the composition of buffer material, especially exchangeable cations, tends to equilibrate to similar 
values for both materials as a result of the interaction with the Forsmark groundwater. The allowed 
variability of composition for the selected buffer material will be defined at time of purchase of the 
buffer. Under all circumstances this variability is expected to be small.  

The overall conclusion regarding initially deposited buffer dry mass is that the initial buffer mass 
and composition is expected to be well within the design specifications.

Initially deposited dry backfill mass
The expected uncertainties in the amount of initially deposited backfill are discussed in Section 5.6. 
If less backfill is deposited this could potentially lead to buffer swelling into the deposition tunnel 
and a loss of buffer mass. However, according to the production and control procedures described 
in Section 5.6, there is no reason to believe that failures in the backfilling process will lead to 
significant contributions to the generation of advective conditions in the buffer.

Swelling
If the initial density of the tunnel backfill is lower than the design target or if the buffer saturates 
ahead of the backfill and expands into a pile of dry backfill blocks, the buffer can expand into the 
backfill which in turn gives a lower average buffer density. These cases have been evaluated in the 
reference evolution (Section 10.3.9). The case with a dry backfill and pellets in the slot at the roof 
has been identified as the one that has the strongest impact on the final buffer density. Table 10-3 
shows the final density of the buffer around the canister for different assumptions about the pellet 
filling. According to calculations in the reference evolution, there is sufficient margin in backfill 
density to ensure acceptable performance for all reasonable combinations. Therefore, this issue is 
not further considered here. 

Erosion caused by piping
Erosion caused by piping is discussed in the reference evolution in Section 10.2.4. If the pressure 
of the water flowing into a deposition hole is higher than the swelling pressure, the buffer will not 
be able to seal and a channel (pipe) may form. The channel will most likely end in the deposition 
tunnel. As long as the tunnel is not sealed and the hydrostatic pressure has not been restored, there 
will be a flow in the pipe. The flow may erode the buffer and some material may be lost. The 
potential loss can be calculated from the accumulated flow of water.
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For the maximum allowed inflow to the deposition hole (150 m3) an erosion of up to 41 kg was 
calculated	(Section	10.2.4).	At	the	dry	density	of	the	buffer	ρd =1,570 kg/m3, this would correspond 
to a volume of 0.026 m3.

Overall, the uncertainties in the parameters related to piping are in these circumstances rather limited 
and it is unlikely that the erosion from piping should be substantially higher than in the reference 
evolution. This issue is, therefore, not further considered here.

Erosion of backfill
Erosion of backfill material during the operational phase could lead to a local loss of backfill density 
at the top of a deposition hole. This could, in turn, lead to expansion of buffer material into the backfill 
and a loss of buffer density. However, as seen in Section 10.2.4, the maximum loss (redistribution) 
of backfill during this phase is estimated at 1,640 kg which is insignificant compared to the backfill 
losses that would lead to advective condition in the buffer according to Section 10.3.11 (220 tonnes). 
This issue is, therefore, not further considered here.

Buffer erosion/Colloid release
Buffer colloid formation and release during a glacial cycle is discussed in the reference evolution, 
Section 10.3.11. Several uncertain aspects of the colloid release process are mentioned in connection 
with the analysis of the reference evolution. These include the conceptual uncertainty in the erosion 
model / Neretnieks et al. 2009/, behaviour of the selected buffer material, the duration of periods of 
low ionic strength groundwater and the groundwater flow rates during these periods. These uncertainties 
are the main reason for selecting the bounding cases for the buffer erosion scenario described in 
Section 12.2.1. 

A quantitative treatment of the impact on the extent of erosion of uncertainty in factors affecting the 
erosion process is given in a subsection below.

Ion-exchange and osmosis
Figure 5-14 shows the swelling pressure for the two reference buffer materials as a function of dry den-
sity for different water salinities. Comparing the two materials gives a good indication on the effect of 
ion-exchange as well. MX-80 is Na-bentonite that was exposed to NaCl solutions, whereas Ibeco RWC 
is Ca-bentonite that was exposed to CaCl2 solutions. Neither the exchangeable cation nor the salinity 
has any major effect on the buffer properties at the reference density. However, the effect of both pro-
cesses becomes much stronger at lower densities. The effect of high salinity becomes important for the 
swelling pressure at a dry density of ~1,400 kg/m3. For the salinities expected in Forsmark (Table 10-8), 
the	effect	can	be	neglected	for	dry	densities	>	1,000	kg/m3. The ion-exchange characteristics are not 
important until the density drops to about 1,000 kg/m3, but below that value the effect is very strong. 

The groundwater composition, Ca/Na-ratio and total salinity, will determine how much buffer mass 
can be lost before advection starts to be important. 

The effect of groundwater salinity will only be important if large amounts of buffer are lost, i.e. in 
combination with colloid release. The processes are mutually exclusive since colloid formation only 
occurs at low calcium concentrations but they could occur in sequence if the ground water composition 
is changing. 

In conclusion, the uncertainties regarding the effects of increased salinities are unimportant compared 
to the uncertainties in the colloid formation process. 

Montmorillonite transformation
Transformation of the montmorillonite in the buffer to other minerals as an effect of elevated temperature 
is evaluated in the reference evolution and in the buffer transformation scenario (Section 12.4). 



578 TR-11-01

Geosphere conditions
The development of the buffer is dependent on conditions imposed by the geosphere on the buffer. 
Key parameters are the following.

1. Flows and gradients during the construction phase. These will determine the magnitude of mass 
loss from piping/erosion. 

2. Ionic strength of the groundwater for all time scales. A low charge concentration of cations in the 
groundwater will make it possible for the buffer to form a colloidal phase that can be transported 
away with the groundwater. A high ionic strength will affect the buffer hydromechanical proper-
ties, which may result in a higher hydraulic conductivity and a lower swelling pressure, in the 
case where some mass loss has occurred. The Ca/Na ratio will affect the ion-exchange capacity 
which can affect the buffer properties at very low densities. 

3. The groundwater flow will determine how much buffer mass can be transported away in the 
colloid formation case. 

Flows and gradients during the construction phase are treated above under ‘Erosion caused by piping’. 
The latter two factors are treated in the sensitivity analysis immediately below.

Quantitative sensitivity analysis of buffer erosion/colloid release
The following is a quantitative treatment of the impact on the extent of erosion of uncertainty in 
factors affecting the erosion process.

The extent of buffer erosion is calculated with the model described in Section 10.3.11. The calculated 
extent of erosion will depend on the groundwater composition required for erosion to occur, the fraction 
of time of during the one million year assessment period during which the groundwater has the com-
position favouring erosion and the quantitative extent of the corrosion process for these conditions. 
An additional factor of importance is the amount of buffer that is required to be eroded away before 
advective conditions occur in a deposition hole. The following have been assumed or concluded 
regarding these factors in SR-Site. 

•	 The	criterion determining whether the process occurs states that the groundwater cation charge 
concentration,	Σq[Mq+], should exceed 4 mM to avoid erosion see Section 10.3.11.

•	 The	fraction of time of the one million year assessment period during which erosion occurs was 
assumed to be 25 percent of the time in the two percent of the deposition holes exposed to the 
highest flow rates, based on analyses summarised in Sections 10.3.7 and 10.4.7.

•	 The	amount of buffer that needs to be eroded in order for advective conditions to arise in the 
deposition hole is assumed to be 1,200 kg based on the discussion in Section 10.3.9.

•	 The	quantitative model for quantifying the extent of erosion gives the erosion rate, RErosion, as A·δ·v0.41 

 where v is the groundwater velocity in a fracture intersecting the buffer, δ is the aperture of the 
intersecting fracture, and A is a constant, see Section 10.3.11 and further / Neretnieks et al. 2009/.

The groundwater velocity and the fracture aperture are obtained from the groundwater flow calcula-
tions. The natural variability of these entities is covered by determining the flow conditions in each 
of the ensemble of 6,000 deposition position in the repository. The hydrogeological DFN model with 
semi-correlated relation between fracture length and transmissivity (Section 10.3.6) is used in the 
calculation. 

•	 The	calculation	result	also	depends	on	the	criteria for deposition hole rejection applied in the 
layout and simulated in the hydrogeological modelling. This is not an uncertainty in the same 
sense as the above factors, but a design choice. In SR-Site it is assumed that deposition holes 
are rejected according to the EFP criterion and to the transmissivity related criterion described 
in Section 5.2.2.

With the above assumptions, it is calculated that on average 0.6 deposition holes out of the repository’s 
6,000 experience advective conditions after 100,000 years. At the end of the one million year assess-
ment period, the corresponding number is almost 20, see ‘Semi-correlated base case’ in Figure 12-3. 
These results were obtained through averaging over ten realisations of the semi-correlated hydro-
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geological DFN model. (The earlier cited value of 23 was obtained with the base case realisation 
of this DFN model.) Each realisation covers the 6,000 deposition positions and thus covers spatial 
variability within that realisation. The variability between realisations is shown by the ranges in 
Figure 12-3. 

The following sensitivity calculations were carried out, essentially by varying one of the above 
mentioned factors at a time. Results are shown in Figure 12-3.

•	 The	amount of buffer assumed to be required to be eroded away in order for advective conditions to 
arise in the deposition hole was changed from 1,200 kg by a factor of two up and down, respectively 
i.e. to i) 600 kg and ii) 2,400 kg. This yielded changes in the calculated number of deposition 
holes by factors larger than two. 

•	 Uncertainties	relating	to	the	nature	of	the	criterion determining whether erosion occurs and also 
to the fraction of time during which the criterion is fulfilled is addressed by assuming erosion 
throughout the one million year assessment period. As seen in Figure 12-3, this causes the number 
of deposition positions experiencing advective condition to increase by a factor of more than ten 
in the one million year perspective, yielding approximately 220 deposition holes with advective 
conditions after one million years. The corresponding number for 100,000 years is approximately 
4 out of the 6,000 deposition holes. There are uncertainties in both the factors covered by this 
variation and neither less nor more extensive erosion than in the base case can be excluded. 
The sensitivity case calculated here puts an upper bound on the possible variation.

•	 In	the	hydrogeological	model,	fracture	apertures	(δ) are obtained from the fracture transmissivity 
(T) according to δ = 0.5 T0.5, see further Section 10.3.6. An alternative, for buffer erosion more 
pessimistic, relation was also evaluated: δ = 0.28 · T0.3 / Joyce et al. 2010, Selroos and Follin 
2010/. This yields an almost 30-fold increase in the calculated number of deposition positions 
experiencing advective conditions at one million years. However, in the Data report the second 
of the two relationships is shown to be overly pessimistic since the relationship yields fracture 
apertures larger than those measured at the site using electrical resistivity measurements. Hence, 
for the quantification of buffer erosion the first relationship is justified for use in SR-Site. 

•	 An	important	aspect	of	conceptual	uncertainties	relating	to	the	groundwater velocity in fractures 
intersecting the deposition holes is illustrated by calculations with the hydrogeological DFN 
models based on the uncorrelated and fully correlated relations between fracture size and trans-
missivity (see Section 10.3.6 for details). As seen in Figure 12-3, these both yield a larger extent 

Figure 12-3. Calculated extent of erosion at 100,000 years and at one million years for a number of cases. 
The crosses denote mean values and the bars denote the variability over the several realisations of the 
hydrogeological DFN models. 
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of buffer erosion. Both the uncorrelated and the fully correlated models represent extremes of 
the correlation structure. In particular, the uncorrelated model lacks support in observations. The 
semi-correlated model used as the base case is seen as the most realistic representation, but it is 
not possible to quantify the degree of correlation in a rigorous manner. Therefore, the span 
represented by the three models is considered as a reasonable illustration of the conceptual 
uncertainties associated with the hydrogeological DFN models.  

Regarding varying groundwater flow conditions over a glacial cycle, it is demonstrated in Section 10.4.6 
that the time averaged value over the reference glacial cycle of q0.41, relevant for buffer erosion is around 
80 percent of that for temperate conditions, see ML2 data in Figure 10-147. Using the temperate values 
is thus pessimistic and gives some margin for alternative evolutions to the reference glacial cycle. 
The issue of temporal variability is, therefore, not treated further here.

In conclusion, with base case assumptions (Semi-correlated base case), around one of six thousand 
deposition positions is calculated to be advective at 105 years and less than one percent at 106 years.

The sensitivity cases analysed here show that a considerable variation around the base case calculation 
result in the extent of erosion is possible. However, less than ten percent of the deposition positions 
reach advective conditions after one million years even for the most unfavourable cases. Also, the 
sensitivity cases give far less variation of the extent than the two bounding cases identified at the 
beginning of this section, i.e. no erosion and advective conditions initially in all deposition holes.

The conceptual model for quantifying the extent of erosion is associated with uncertainties that are 
difficult to quantify:

•	 there	are	potentially	mitigating	effects	like	clogging	of	the	water	conductive	fracture	with	detritus	
material from the eroded bentonite / Neretnieks et al. 2009/,

•	 there	are	also	potentially	aggravating	effects,	e.g.	gravitational	effects	but	these	are	argued	to	be	
small or negligible / Neretnieks et al. 2009/,

•	 there	are	additional	factors	that	could	lead	to	a	decrease	in	the	clay	dispersion	rate,	see	further	the	
concluding discussion of uncertainties in Section 10.3.11. 

The influences of the sensitivity cases on the extent of corrosion are evaluated in the corrosion scenario, 
Section 12.6.2. Full documentation of all calculations of buffer erosion/colloid release and canister 
corrosion is given in / SKB 2010d/.

Global warming variant and other climate cases
The occurrence of buffer advection is strongly linked to the presence of low ionic strength ground-
waters at repository depth. As demonstrated in the reference evolution Section 10.3.6, an extended 
initial period of temperate conditions could give rise to longer periods of exposure to dilute ground-
waters indicating that the global warming variant could lead to more colloid release than the base 
case evolution. However, in the global warming variant, it is only the initial temperate period that 
is prolonged. Also, the relatively limited effect of a global warming variant is encompassed in the 
assumption that two percent of the deposition holes will experience dilute groundwater during 25 percent 
of a glacial cycle, since the fraction of deposition holes would be only 0.02 in 60,000 years of temper-
ate conditions, see Section 10.3.6. Also, this limited difference relative to the base case applies only 
for the first glacial cycle, whereas the effects of global warming are assumed to not affect sub sequent 
cycles in the global warming variant. The issue is therefore not further treated in SR-Site for the 
global warming variant. 

Regarding other climate cases, the extended global warming case and the extended ice sheet duration 
case (see Section 12.1.3) could imply more extensive intrusion of dilute water than in the reference 
evolution. Such developments are covered by the bounding case where advection is assumed initially 
in all deposition holes. 
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12.2.3 Conclusions
As evidenced by the above account, there are a number of uncertainties regarding the evolution of 
the buffer density. All conceivable initial states and subsequent developments are however, from the 
point of view of advection, which is the issue in this scenario, covered by the three cases outlined 
at the beginning of the analysis of the scenario, Section 12.2.1. This analysis applies to the high 
conductivity case, see Section 12.2.1. 

For the fracture case, see Section 12.2.1, no route leading to this situation has been identified and it 
is thus considered as a residual scenario. Canister corrosion for a fractured buffer can be illustrated 
with expressions given in / Neretnieks et al. 2010/. The life time of the canister is considerably longer 
for a fractured buffer than for an eroded buffer, for otherwise identical circumstances, see examples 
in / Neretnieks 2006b/. No additional such calculation cases have been performed in SR-Site.

Regarding event sequences, the evolution can certainly be affected by the order in which swelling, 
mass losses, intrusion of various types of groundwater, etc. occur. Again, however, these situations 
are bounded by the three cases considered.

Should transport in the buffer not be controlled by diffusion, corrosion of the canister could ulti-
mately be controlled by advection of corroding agents in the groundwater. This is illustrated in the 
reference evolution. The extent of corrosion is further treated in the corrosion scenario, Section 12.6, 
to which the three cases of buffer advection are propagated, i.e. advection as calculated with base 
case assumptions and the two bounding cases of initial advection in all deposition holes and no 
advection throughput the assessment period. As concluded above, all three hydrogeological model 
variants are also propagated to further analyses. This yields the nine cases in Figure 12-4 to consider.

The occurrence of buffer advection cannot be ruled out and the buffer advection scenario is thus 
considered as a less probable scenario, to be further addressed in combination with the canister 
scenarios. The probability that the scenario will occur cannot be quantified in an exact way. It is 
represented by the nine cases in Figure 12-4, in three of which no advective positions occur.   

 Mean number of
 advectice positions
 (at 105 yrs)   at 106 yrs

Initial advection (6000) 6000

SR-Site erosion model (1.2) 280

No advection (0) 0

Initial advection (6000) 6000

SR-Site erosion model (0.6) 19

No advection (0) 0

Initial advection (6000) 6000

SR-Site erosion model (1.2) 68

No advection (0) 0

Hydrogeological
DFN model

Uncorrelated 

Semicorrelated 

Fully correlated 

Figure 12-4. Erosion cases propagated to further analysis of canister corrosion.
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12.2.4 Special case of advective conditions: Canister sinking 
Function indicator(s) considered
A central safety function of the buffer is to prevent advective transport of species between the 
groundwater and the canister. To ensure this, a certain buffer thickness is required. If the canister 
sinks or tilts in the deposition hole, this minimum thickness cannot be guaranteed. A swelling 
pressure of 200 kPa is needed to keep the canister in position in the deposition hole (Buff5). This 
function indicator assumes that the buffer consists of bentonite. 

Treatment of this issue in the reference evolution
Since the loss of buffer mass needed for the advective conditions as described in Sections 10.3.9 
and 10.3.11 is less than the loss needed to get to a situation where the canister would sink, advective 
conditions due to canister sinking per se can never occur in the reference evolution. Advective 
condition will already prevail when the canister sinks. 

Qualitative description of routes to canister sinking 
The swelling pressure could be reduced by:

1. Loss of buffer material,

2. A transformation of the montmorillonite to a non-expandable mineral.

If sufficient buffer mass was lost to bring the average swelling pressure around the canister down 
to 200 kPa, advection would likely already be the dominant transport mechanism, hence item 1 
above is covered in the reference evolution and in the general buffer advection scenario above. 
Transformation of the montmorillonite in the buffer is discussed in the transformation scenario, 
Section 12.4. 

Quantitative assessment of routes to canister sinking 
The routes to loss of swelling pressure are discussed in the scenarios mentioned above.

Categorisation as “less probable” or “residual” scenario
The consequences of the loss of large amounts of buffer material are discussed in the reference evolu-
tion and further in the general buffer advection scenario above. Since considerably higher mass losses 
are required to cause canister sinking than are required for advective conditions, and since advective 
conditions is the safety related concern also in the case of canister sinking, the occurrence of canister 
sinking would not lead to consequences beyond those already quantified in Section 12.2.3. 

Conclusion
The only way the canister could sink to the bottom of the deposition hole is in the case of a large loss 
of buffer material. If this happens the diffusive barrier of the buffer is lost long before the canister 
starts to sink. Therefore, loss of the diffusive barrier caused by canister sinking does not have to be 
treated as a scenario on its own.  

12.3 Buffer freezing
12.3.1 Introduction
Indicator criterion violated
This scenario concerns the criterion of minimum buffer temperature, namely that the temperature in 
the	buffer	should	not	fall	below	−4°C	to	avoid	formation	of	ice	in	the	buffer.		

If the buffer minimum temperature criterion is violated, this could potentially affect both containment 
and retardation. It has previously been shown that the bentonite will retain its properties after a freezing 
cycle, but containment could be jeopardised through mechanical impact on the canister by a freezing 
buffer and the retardation potential may be impaired in the case of severe ice lens formation.
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Treatment of buffer freezing in the reference evolution 
The possibility of buffer freezing was excluded from the reference evolution which is based on a 
plausible	glacial	cycle	in	which	permafrost	(that	is	the	0°C	isotherm)	develops	to	a	maximum	depth	
of 259 m at Forsmark (Section 10.4.3). When including all known surface and subsurface uncertain-
ties (e.g. uncertainties in air temperature, climate humidity, surface wetness, vegetation, snow cover, 
bedrock thermal conductivity and diffusivity, and geothermal heat flux) and setting them all in the 
condition most favourable for permafrost growth, the uncertainty interval for the permafrost reaches 
a maximum depth of 463 m in the reference evolution. Correspondingly, the uncertainty interval for 
the perennially frozen ground reaches a maximum depth of 422 m. The freezing of buffer material 
requires	temperatures	of	−4°C	or	lower,	see	Section	8.3.2.	In	the	reference	evolution,	the	−4°C	isotherm	
reaches a maximum depth of 148 m. Including the most pessimistic combination of all uncertainties 
relevant	for	the	reference	glacial	cycle,	the	uncertainty	interval	for	the	−4°C	isotherm	reaches	a	maximum	
depth of 316 m (Section 10.4.3). This shows that even in this most pessimistic case, buffer freezing 
temperatures do not reach repository depth in the reference evolution.

Qualitative description of routes to buffer freezing 
The route to this scenario is development of permafrost under periglacial climate conditions. 

The following factors of importance for the occurrence of buffer freezing are identified, based on the 
discussion above, on Table 10-27 describing uncertainties identified in the reference evolution and 
on the FEP chart Figure 8-4.

Initial state factors

•	 Thermal	conductivity	of	bedrock.
•	 Heat	capacity	of	bedrock.
•	 Geothermal	heat	flow.
•	 Hydraulic	conductivity	of	bedrock.
•	 Ground	water	salinity.
•	 Porosity	of	bedrock.
•	 Heat	output	of	the	spent	fuel,	including	its	diminishing	over	time.

Processes 

•	 Heat	conduction	in	bedrock.
•	 Heat	conduction	in	buffer.
•	 Freezing	of	buffer.

External conditions 

•	 Periglacial	climate	conditions	leading	to	lowered	temperature	at	ground	surface.
•	 Soil	coverage	at	ground	surface.
•	 Vegetation	coverage	at	ground	surface.
•	 Snow	coverage	at	ground	surface.
•	 Glacial	conditions	leading	to	changes	in	temperature	at	ground	surface.
•	 Submerged	conditions	leading	to	changes	in	temperature	at	ground	surface.

For more details on the processes involved in the development of permafrost and perennially frozen 
ground, see the Climate report, Section 3.4.4 and / Hartikainen et al. 2010/.
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12.3.2 Quantitative assessment of routes to buffer freezing
Three types of sensitivity studies were made to investigate if and under what conditions permafrost, 
perennially frozen ground and sub-zero temperature ground may reach repository depth:

•	 Lowering	of	constant	ground	surface	temperatures.
•	 Lowering	of	the	air	temperature	curve	reconstructed	for	the	last	glacial	cycle.
•	 Assumptions	of	extremely	dry	conditions	during	periods	of	cold	climate;	e.g.	that	no	ice	sheet,	

sea, vegetation or winter snow exist at the site during a full glacial cycle.

Sensitivity study on lowering of constant ground surface temperatures
Sensitivity tests on the evolution of permafrost for different constant temperatures were first made. 
Site-specific data on physical-, thermal-, and hydrological bedrock properties were used, see the 
Climate report. These calculations were made for two cases, with and without the heat contribu-
tion from a repository using the 1D permafrost model, see the Climate report, Section 3.4.4. The 
results show that, with heat from the spent fuel included (i.e. conditions corresponding to the first 
future glacial cycle), the ground surface temperature must be lower	than	−8°C	for	permafrost	(0°C	
isotherm) to reach repository depth (450 m) (Figure 12-5). If no heat from spent fuel is taken into 
account	(subsequent	glacial	cycles),	the	0°C	isotherm	reaches	repository	depth	in	~120,000	years	
if	the	ground	temperature	is	−8°C.	(Figure	12-5).	At	present,	the	annual	mean	air	temperature	at	
Forsmark	is	c.	+5°C,	see	the	Climate report, Section 2.4.2. The air temperature is often a few degrees 
lower than the ground surface temperature / Hartikainen et al. 2010/. The results thus indicate that 
an	air	temperature	lowering	of	more	than	13°C	is	required	to	make	permafrost	develop	to	repository	
depth when considering constant temperatures.

Sensitivity study on lowering of the air- and ground surface temperature curves 
reconstructed for the last glacial cycle
Permafrost simulations were made to investigate how much air- and ground surface temperatures 
need to be lowered in a more realistic variable climate for permafrost, perennially frozen ground, 
and sub-zero temperatures to develop to repository depth. Specifically, it was investigated how 
much the local temperature curve used for the assessment of permafrost in the reference evolution, 
Section	10.4.3,	was	required	to	be	lowered	to	get	the	0,	–2	and	–4°C	isotherms	to	reach	the	450	m	
repository	depth.	The	temperature	of	0°C	corresponds	to	the	freezing	point	of	fresh	water	at	normal	
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Figure 12-5. Calculated evolution of permafrost depth (defined by the 0°C isotherm) at the repository 
location in Forsmark for different constant ground surface temperatures. Bold lines: with repository heat 
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pressure,	as	well	as	the	definition	of	permafrost.	The	temperatures	of	–2	and	–4°C	are	the	freezing	
temperature for the backfill material in the deposition tunnels and for freezing of the buffer clay, 
respectively, see Sections 8.3.2 and 8.4.4. Based on results from SR-Can / SKB 2006c/, temperature 
lowerings	of	4,	6,	8,	10,	12,	14	and	16°C	were	studied.	These	sensitivity	experiments	were	made	
with the 2D permafrost model, see the Climate report, Section 3.4.4 and / Hartikainen et al. 2010/. 

In the 2D permafrost simulations performed for SR-Site, the significant uncertainties associated with 
descriptions of the surface conditions motivated an analysis of two variants, one with humid surface 
conditions and one with dry conditions, see the Climate report, Section 3.4.4 and / Hartikainen et al. 
2010/. As a pessimistic case, the dry variant of the reconstruction of last glacial cycle conditions 
was used for this sensitivity experiment since it results in deeper permafrost than the humid variant. 
Mean thermal properties of the subsurface were used. Note that these simulations only cover the 
initial 50,000 years of the glacial cycle, which however includes the period with deepest permafrost 
during the glacial cycle, see the Climate report, Section 3.4.4. 

The	resulting	temporal	evolution	of	maximum	0,	–2	and	–4°C	isotherm	depths	over	the	repository	are	
shown in Figures 12-6 to 12-8. Figure 12-6 also includes the depth of the perennially frozen ground, 
which is somewhat shallower than the permafrost depth due to the prevailing pressure- and salinity 
conditions at depth. The results show that the temperature curve reconstructed for the last glacial 
cycle	needs	to	be	lowered	by	8°C	to	make	permafrost	reach	the	repository	depth	(Figure	12-6).	Further-
more,	the	results	show	that	a	lowering	of	the	reconstructed	temperature	curve	of	more	than	10°C	and	
around	14°C	are	needed	to	get	the	–2°C	and	–4°C	isotherms	to	reach	the	repository	depth	(Figures	12-7	
and	12-8).	These	lowerings	are	large,	especially	for	the	–2°C	and	–4°C	isotherms,	for	instance	consider-
ably	larger	than	the	estimated	maximum	uncertainty	in	the	air	temperature	curve	(±6°C)	used	as	input	
to the simulations, see Section 10.4.3 and the Climate report, Appendix 1 and Section 3.4.4.

Figure 12-6. Evolution of 0°C isotherm (permafrost) depth (solid lines) and depth of perennially frozen 
ground (dashed lines) at the repository location for the reference glacial cycle (dry climate variant, see 
the Climate report, Section 3.4.4). The figure also shows corresponding results for simulations where the 
temperature curve reconstructed for the last glacial cycle has been lowered by –4, –6, –8, –10, –12, –14 
and –16°C. The results are extracted from the 2D permafrost modelling conducted for the Forsmark site, 
see the Climate report, Sections 3.4.4 and 5.5 and / Hartikainen et al. 2010/. 
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Figure 12-8. Evolution of maximum –4°C isotherm depth at the repository location for the reference 
glacial cycle (dry climate variant). The figure also shows corresponding results for simulations where the 
temperature curve reconstructed for the last glacial cycle has been lowered by –4, –6, –8, –10, –12, –14 
and –16°C. The results are extracted from the 2D permafrost modelling conducted over the Forsmark site, 
see the Climate report, Sections 3.4.4 and 5.5 and / Hartikainen et al. 2010/.
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Figure 12-7. Evolution of maximum –2°C isotherm depth at the repository location for the reference 
glacial cycle (dry climate variant). The figure also shows corresponding results for simulations where the 
temperature curve reconstructed for the last glacial cycle has been lowered by –4, –6, –8, –10, –12, –14 
and –16°C. The results are extracted from the 2D permafrost modelling conducted over the Forsmark site, 
see the Climate report, Sections 3.4.4 and 5.5 and / Hartikainen et al. 2010/.
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Sensitivity study on assumptions of no ice sheet, sea, vegetation or winter snow during 
a full glacial cycle (Severe permafrost case)
The main uncertainty in all permafrost simulations conducted for SR-Site is the uncertainty in the 
input air temperature curve, see the Climate report, Section 3.4.4. This uncertainty was, together 
with all other known climate-, surface- and subsurface uncertainties relevant for the reference glacial 
cycle, treated in Section 10.4.3. In this present sensitivity study, the remaining uncertainties, on e.g. 
ice sheet and sea coverage are treated based on the results of the severe permafrost case, see the 
Climate report, Section 5.5.

The main assumption in the severe permafrost case is that a very dry periglacial climate dominates, 
a climate not supporting ice sheet growth over the Forsmark site at any time during the full glacial 
cycle. To favour permafrost growth further, the effects of protective snow cover and vegetation were 
excluded, in line with the assumption of a very dry climate. In addition, the repository location was 
assumed to always remain above sea level, in line with the assumption of no ice sheet. Heat generated 
by the repository is however included in the simulation, since it is relevant for the first future glacial 
cycle. The 2D permafrost model was used for the simulations. For further information on the perma-
frost models and the setup of these simulations, see Sections 10.4.1 and 10.4.3, Climate report, 
Section 4.5.5 and / Hartikainen et al. 2010/. 

In the severe permafrost case, all known uncertainties compatible with the main assumption of having 
no ice sheet over Forsmark are included. It should to be noted that the main assumption for the severe 
permafrost case, of having no ice sheet over the site, is incompatible with the temperature curve 
reconstructed for the last glacial cycle, and its uncertainty range towards lower temperatures handled 
in the reference evolution, Sections 10.4.1 and 10.4.3, since these temperatures result in an ice sheet 
over Forsmark, see the Climate report, Section 3.1.4. Nevertheless, in order to make a pessi mistic 
choice of temperature curve for the severe permafrost case air temperatures were assumed to fall 
according to the reconstructed temperature curve for the reference glacial cycle (Figure 12-9). For 
further discussion and motivation for this approach, see the Climate report, Section 5.5.

The air temperature curve reconstructed for the last glacial cycle was used to calculate ground 
surface temperatures for the severe permafrost case, see Figure 12-9, using an empirical relationship 
between air and ground temperatures. For details of this calculation, see / Hartikainen et al. 2010/. 

Evolution	of	the	depth	of	permafrost,	perennially	frozen	ground	and	the	–2	and	–4°C	isotherms	over	
the repository for the severe permafrost case is shown in Figure 12-10. As one variant of the severe 
permafrost case, a simulation was made to study the effects of uncertainties in bedrock thermal proper-
ties together with uncertainties in surface conditions (except air temperature, see above). In order to 
obtain the largest uncertainty range, the dry climate variant was combined with the bedrock thermal 
properties enhancing permafrost development, and the humid climate variant with thermal properties 
diminishing permafrost development (Figure 12-11). 

The results show that the maximum depth of permafrost over the repository in the severe permafrost 
case is 393 m (Figure 12-10), with the uncertainty interval reaching down to 456 m (Figure 12-11). 
This occurs after more than 90,000 years into the future. The maximum depth of perennially frozen 
ground, occurring at the same time, is 359 m with an uncertainty interval down to 408 m. The –2 and 
–4°C	isotherms	reach	depths	of	311	and	234	m	respectively,	with	the	uncertainty	intervals	reaching	
down to 359 and 268 m. Table 12-1 summarises all results from the severe permafrost case, together 
with the results from the reference evolution.

The values in Table 12-1 are valid for the first future glacial cycle of the 1 Myr long safety assess-
ment period. For the second and following glacial cycles, the heat from the repository is negligible, 
resulting in up to 37 m deeper permafrost and frozen ground, see the Climate report, Section 4.5.3. 

Further results from the 2D permafrost simulations made for the severe permafrost case, regarding 
e.g. salinity concentrations, ground water flow and vertical temperature profiles for various surface 
cover types, are found in the Climate report, Section 3.4.4 and / Hartikainen et al. 2010/. 

The conclusion that can be drawn from the results of the severe permafrost case is that the uncertainties 
remaining from the analysis of the reference evolution, Section 10.4.3, i.e. mainly the uncertainty in 
ice	sheet	and	sea	coverage,	yielded	larger	depths	for	the	permafrost,	perennially	frozen	ground,	−2	and	
−4°C	isotherms,	but	with	a	smaller	uncertainty	range	(Table	12-1).	For	most	parameters,	the	uncertainty	
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Figure 12-9. Example of evolution of air temperature and modelled ground surface temperatures used 
for the severe permafrost case. In this plot, the temperature has not been projected into the future. For a 
description of the modelling of ground surface temperature, see / Hartikainen et al. 2010/.
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Figure 12-10. Evolution of maximum permafrost depth, maximum depth of perennially frozen ground and 
maximum depth of –2 and –4°C isotherms over the repository for the severe permafrost case. The upper 
permafrost surface, for periods of degradation from above, is not shown. The shaded area in blue and red 
represents the range when considering the dry and humid climate variants of the severe permafrost case. 
The lilac colour indicates that the results for permafrost and perennially frozen ground overlap.
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Figure 12-11. Evolution of maximum permafrost depth, maximum depth of perennially frozen ground and 
maximum depth of –2 and –4°C isotherms over the repository for the severe permafrost case considering 
combined uncertainties in surface conditions and thermal properties favourable for permafrost growth. The 
shaded area in blue and red represents the range when considering the dry and humid climate variants. The 
lilac colour indicates that the results for permafrost and perennially frozen ground overlap.
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Table 12-1 Maximum depths of permafrost (0°C isotherm), perennially frozen ground, −2°C isotherm 
and −4°C isotherm for the severe permafrost case and the reference evolution. The uncertainty 
interval for the reference glacial cycle includes the unlikely combination of having all uncertainties, 
including air temperature, set to the most pessimistic values favouring permafrost growth. The 
uncertainty interval for the severe permafrost case includes all relevant uncertainties for this case 
(set to their most pessimistic settings), which excludes air temperature since lower air temperatures 
than the reconstructed last glacial cycle air temperature curve are not compatible with the main 
assumption of having no ice sheet development over the site.

Maximum permafrost 
depth (0°C isotherm) 
[uncertainty interval]

Maximum depth perennially 
frozen ground 
[uncertainty interval]

Maximum depth  
−2°C isotherm  
(i.e. freezing  
temperature  
of backfill)
[uncertainty interval]

Maximum depth 
−4°C isotherm  
(i.e. freezing  
temperature  
of buffer clay)
[uncertainty interval]

Reference  
evolution

259 m 
[down to 463 m]

246 m 
[down to 422 m]

200 m 
[down to 388 m]

148 m 
[down to 316 m]

Severe  
permafrost case

393 
[down to 456]

359 
[down to 408]

311 
[down to 359]

234 
[down to 268]
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ranges reach maximum depths that are a few tens of metres shallower in the severe permafrost case 
than in the reference evolution (Table 12-1). The largest depth of perennially frozen ground is achieved 
not in the severe permafrost case but from making the unrealistic combination of setting all uncertain-
ties relevant for the reference evolution to their values most favourable for permafrost growth, see 
Table 12-1 and Section 10.4.3. In the analysis of maximum possible freezing depths, the situation is 
bounded by the consideration of both the reference glacial cycle and severe permafrost case, including 
their respective uncertanty ranges.

Can climate get cold enough to cause buffer freezing?
Reconstructed late glacial climatic conditions for southern Sweden indicate that continental arctic 
conditions prevailed prior to ~15,000 years before present. At that time, mean July temperatures 
were	around	10–12°C	/	Lemdahl	1988,	Coope	et	al.	1998,	Hohl	2005/,	i.e.	about	5–7	degrees	colder	
than at present. The difference between the present warm interglacial temperatures and the coldest 
temperatures	during	the	last	glacial	cycle	as	recorded	in	the	GRIP	ice	core	is	in	the	order	of	12°C	
(Figure 12-12). Using an alternative way of interpreting 18O values from the ice core in terms of air 
temperature,	/	Lang	et	al.	1999/	suggested	that	this	cold	event	reflects	a	temperature	change	of	16°C,	
which is several degrees more than in / Dansgaard et al. 1993/. However, according to all interpretations, 
this was a very short-lived climate event, / Lang et al. 1999/. This exemplifies a typical feature of 
temperature climate archives namely that they show that climate is highly variable on both long and 
short time scales, see the Climate report, Section 4.3.4 and / IPCC 2007/, variability for example 
seen in the GRIP proxy temperature data, Figure 12-12. When severe very cold conditions occur, 
these conditions do not persist for long periods of time. Such climate variability is observed also 
in frequency analyses of climate records, e.g. / Moberg et al. 2005, Witt and Schumann 2005/.

How low could temperatures have been at Forsmark during the last glacial cycle? Recent global- 
and regional climate modelling suggest that the proglacial regions, south, southeast and southwest 
of the Last Glacial Maximum (LGM) ice margin in northern Europe, experienced annual mean air 
temperatures	around	0	to	−6°C	(some	9	to	12	degrees	colder	than	at	present)	/	Kjellström	et	al.	2009,	
Figure 3-27, Brandefelt and Otto-Bliesner 2009/. The LGM model results for the Forsmark area are 
not relevant to this discussion, since at that time Forsmark was covered by the ice sheet. However, 
/	Kjellström	et	al.	2009/	also	made	a	climate	simulation	for	a	stadial	period	during	Marine	Isotope	
Stage 3 during the Weichselian, at 44,000 years BP, with postulated ice-free conditions at Forsmark. 
The resulting cold and dry periglacial climate had an annual mean air temperature in the Forsmark 
region	of	c.	−7.5°C	(around	13	degrees	lower	than	at	present)	/	Kjellström	et	al.	2009,	Figure	4-4	and	
Tables	4-2	and	5-1/.	The	annual	mean	air	temperature	of	−7.5°C	is	well	in	line	with	the	temperature	
in	the	reconstructed	temperature	curve	for	this	specific	period	(Figure	12-9)	which	is	around	−8°C.	
The results show a consistency between the independent temperature obtained from the climate model 

Figure 12-12. GRIP proxy temperature curve. During the last glacial cycle, temperature was highly 
variable on both long and short time scales. Modified from / Dansgaard et al. 1993/.
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and the temperature curve reconstructed for the last glacial cycle, both showing that during cold last 
glacial cycle stadials, with restricted duration, temperatures in the Forsmark area often may have 
may	have	dropped	to	be	more	than	10°C	colder	than	at	present.	

Furthermore, the air temperature curve reconstructed for the last glacial cycle for the Forsmark region 
(Figure 12-9) suggests that mean annual air temperatures during the coldest stadials of the glacial cycle 
may	have	been	around	−11	to	−12°C	(16	to	18	degrees	colder	than	at	present).	However,	considering	
the uncertainties in e.g. the transfer functions between 18O and air temperature and the adaptation of 
the curve for Fennoscandian conditions, temperatures could have been even lower, see the Climate 
report, Appendix 1. In this context, it should also be noted that the mean annual ground surface tem-
perature, relevant for permafrost growth, typically is a few degrees higher than the air temperature, 
see Figure 12-9, the Climate report, Section	3.4.4	and	/	Kjellström	et	al.	2009,	Figure	3-57/.	

During the last glacial cycle, really low air temperatures only prevailed during stadials with relatively 
short duration, typically some thousands of years long (Figure 12-12). This prevented permafrost 
from developing to great depths (Figure 10-102), and would do so also under even more extreme 
glacial cycle conditions (Figures 12-10 and 12-11). For more information on the last glacial cycle 
climate, see the Climate report, Section 4.3.

If climate were to shift towards colder glacial cycles, it is unlikely that the variability within the climate 
system would drastically change. Very cold periods have been short lived in the past and nothing suggests 
that this would not be the case also during future glacial cycles. Variability is a characteristic feature of 
Earth’s climate system. However, for a discussion on a less variable climate, see further below.

Assuming a similar climate variability to that during the last glacial cycle, it requires a lowering of 
the	entire	last	glacial	cycle	temperature	curve	by	as	much	as	14°C	in	order	to	make	the	−4°C	iso	therm	
reach repository depth at Forsmark (Figure 12-8). Also when considering the significant estimated 
maximum	uncertainty	in	the	reconstructed	air	temperature	curve	(±6°C),	this	corresponds	to	an	
unrealistically large change in glacial climate conditions.

Furthermore, during the coldest phases of glacial cycles, Fennoscandia is covered by an ice sheet, 
and the glacial domain prevails at Forsmark. Calculations using the ice-sheet model indicate that, 
if the temperature falls by 9 degrees, an ice sheet will develop that covers the Forsmark region, see 
the Climate report, Section 5.4.2. When this happens, permafrost either develops at a much lower 
rate or decreases, see the Climate report, Sections 3.4.4 and 4.5. In association with major ice sheet 
advances over the site, the area is also submerged for a considerable time after deglaciation, which 
further prevents permafrost development. If future glacial cycles were to be colder than in the past, 
this would most likely produce larger ice sheets and longer periods of ice sheet coverage at the sites, 
reducing	the	depth	of	the	permafrost	and	−4°C	isotherm.

The effect of an unlikely future climate with considerably less glacial climate variability than during 
the past 2 million years can be determined by reference to the sensitivity test results presented in 
Figure	12-5.	If	the	ground	temperature	is	−8°C	at	Forsmark,	it	would	take	about	120,000	years	for	
permafrost	(0°C	isotherm)	to	develop	to	repository	depth	(if	heat	from	spent	fuel	is	present).	At	present,	
the	annual	mean	air	temperature	at	Forsmark	is	around	+5°C,	see	the	Climate report, Section 2.4.2. 
Since the air temperature often is a few degrees lower than the ground surface temperature, Figure 12-9 
and	/	Hartikainen	et	al.	2010,	Kjellström	et	al.	2009,	Figure	3-57/,	the	results	indicate	that	an	air	tempera-
ture	lowering	of	more	than	13°C	is	required	to	make	permafrost	develop	to	repository	depth	when	
considering constant temperatures. Such low temperatures could occur occasionally during a glacial 
cycle (Figures 12-9 and 12-12), but such cold periods prevail for considerably shorter times than 
120,000 years, see Section 4.3 and Appendix 1, both in the Climate report. In the Climate report 
a theoretical estimate is performed of the maximum pressure, taking into account the equi librium 
state between bentonite and ice.

Conclusion on freezing of backfill
During	permafrost	periods	in	the	reference	evolution,	freezing	of	the	backfill	(−2°C	isotherm)	in	the	
ramp and shafts occurs down to a maximum depth of 200 m, with an uncertainty interval down to 
388 m (Table 12-1). In the severe permafrost case, freezing of the backfill occurs down to a maxi-
mum depth of 311 m (Figure 12-10), with an uncertainty interval down to 359 m (Figure 12-11, 
Table 12-1). Possible consequences of this are discussed in Section 10.4.8. 
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12.3.3 Conclusions
Based on the model studies described above, including sensitivity studies of all known uncertain-
ties,	perennially	frozen	ground	and	the	−2	and	−4°C	isotherms	do	not	reach	repository	depth	in	the	
reference evolution, nor in the severe permafrost case. If adapting the most pessimistic combination 
of	all	uncertainties	related	to	permafrost	development	in	the	reference	evolution,	the	0°C	isotherm	
may reach repository depth. However, this case, which is considered quite unrealistic, does not result 
in freezing at repository depth during the first future glacial cycle since the repository heat and the 
prevailing pressure and salinity conditions at depth counterbalance the freezing process. After reposi-
tory heat has declined, i.e. for the second future glacial cycle, and for all following glacial cycles in 
the 1 Myr assessment period, the most pessimistic combination of uncertainties results in that water 
at repository depth freezes. However, it should again be emphasised that this combination of uncertain-
ties is considered quite unrealistic, and consequently, that freezing at repository depth also for these 
glacial cycles are considered unrealistic. In addition, it should be noted that there is a large margin 
for freezing of the buffer clay and repository tunnel back fill for all assessment period glacial cycles, 
even when adopting this most pessimistic combination of uncertainties.

Ice	formation	in	the	buffer	material	requires	temperatures	of	–4°C	or	lower.	The	results	in	
Figures 12-10 and 12-11 show that in the pessimistic cold and dry severe permafrost case, there is 
ample	margin	before	the	−4°C	isotherm	would	reach	repository	depth.	The	results	in	Figure	12-8	
show that the temperature curve reconstructed for the last glacial cycle needs to be lowered by 
~14°C	in	order	for	the	−4°C	isotherm	reach	a	depth	of	450	m.	Even	when	including	the	significant	
uncertainty in the reconstructed air temperature curve, see the Climate report, Appendix 1 and 
/ Hartikainen et al. 2010/, such low temperatures are considered unrealistic based on what is known 
about past climate conditions and climate variability. The possibility that the buffer clay would 
freeze, under any feasible future climate development, is therefore considered as ruled out. 

Categorisation as “less probable” or “residual” scenario 
Since the conclusion of the analysis of this scenario is that the buffer will not freeze, this is considered 
as a residual scenario.

Quantitative consequence analysis/discussion – containment and retardation
If the consequences in terms containment of a postulated freezing were to be analysed, a bounding 
case would be one where all canisters are damaged due to freezing. This is similar to the situation 
where all canisters fail due to isostatic over-pressure, analysed as a postulated “what-if” case in 
Section 13.7.1. 

Global warming variant and other climate cases
The occurrence of permafrost is delayed in the Global warming variant, see Section 10.6.1. The 
delay would also delay the onset of possible buffer freezing and thus any consequences would also be 
delayed and reduced. Buffer freezing is, therefore, not further treated for the Global warming variant. 

Since the severe permafrost climate case (see Section 12.1.3) has been used in the above analysis 
and since that case was defined to maximise the potential for buffer freezing, no additional climate 
cases need to be considered. 

Combination of buffer erosion and freezing
The results from the permafrost simulations show that, in the reference evolution and in the severe 
permafrost case, freezing of ground water does not occur at repository depth during the first glacial 
cycle,	although	the	0°C	isotherm	may	reach	repository	depth	under	very	pessimistic	assumptions.	
Therefore, groundwater in erosion cavities does not freeze during the first glacial cycle when a 
buffer erosion case is combined with a freezing case based on the reference evolution or severe 
permafrost case. Such a combined case is therefore not further treated in this report. 

For the second future glacial cycle, and all following glacial cycles in the 1 Ma assessment period, 
the heat from the spent fuel has declined, resulting in the situation that under the most pessimistic 
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and quite unrealistic combination of uncertainties, water may freeze at repository depth during these 
glacial cycles. Therefore, an analysis of freezing of water in buffer erosion cavities is presented in 
the Climate report, Appendix 3. The results show that, if freezing were to occur at repository depth, 
the maximum freezing induced pressure in buffer erosion cavities would be 26–27 MPa, which is 
considerably lower than the critical pressure for canister collapse described in the scenario treating 
canister collapse due to isostatic load (Section 12.7.2).

12.4 Buffer transformation 
Indicator criterion violated
This scenario concerns all conceivable routes to an alteration of the montmorillonite in the buffer 
material. This refers to a transformation of the montmorillonite in the buffer to non-expandable 
minerals (e.g. illite), but also accumulation of impurities that could change the properties of the 
buffer. This mainly concerns the function indicators on maximum buffer temperature and limited pH:

1.	 The	temperature	in	the	buffer	should	not	exceed	100°C.

2. The pH of the groundwater should not exceed 11.

There may also be other processes that affect the stability of the montmorillonite. A temperature 
gradient over the buffer may cause transport of silica from the hot to the cold part. Presence of 
metallic iron in contact with bentonite could also alter the montmorillonite. 

If the buffer material is transformed, this could possibly affect both containment and retardation by 
affecting other function indicators. Containment could be jeopardized indirectly through a lack of 
swelling pressure, which could lead to enhanced sulphide corrosion and create conditions suitable 
for microbially induced corrosion on the canister surface. Retardation could be affected by an increased 
hydraulic conductivity in the buffer, or by a loss of swelling pressure, which in turn could lead to the 
formation of pathways.

Treatment of routes to transformation in the reference evolution
According	to	Section	10.3.4	there	are	substantial	margins	to	the	100°C	function	indicator	even	with	
account taken of uncertainties in the thermal conductivity in the rock. Based on this, temperatures 
above	100°C	were	not	considered	in	the	reference	evolution.

According	to	Section	10.3.12,	there	may	be	a	short	period	with	pH	>	11	in	the	contact	between	the	
bottom plate and the buffer. However, the duration of the conditions with elevated pH will be very 
short. Based on this, alteration from high pH was not considered in the reference evolution.

The movement of silica in the thermal gradient is discussed in Section 10.3.10, see Figure 10-64. 
The expected thermal gradients gave a very small redistribution of silica.

Contact between metallic iron and the buffer is only possible if there is a defect in the copper shell. 
This is not addressed in the reference evolution. 

Qualitative description of routes to buffer transformation
The following factors of importance for the occurrence of buffer transformation are identified, based 
on the discussion above, on Table 10-27 describing uncertainties identified in the reference evolution 
and on the FEP chart, Figure 8-4.

High temperature
This route to the transformation scenario can be due to:

1. a residual power in the canister, which is higher than the design value,
2. a misinterpretation of the thermal properties of the rock at the site,
3. a lower initial water content in the buffer than the design value,
4. a drying of the buffer, leading to a decreased thermal conductivity.
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The only identified cause for route 4 is ventilation of the deposition hole for an extended period of 
time. The consequences of drying of the rock and its effect on the thermal properties of the buffer are 
discussed in Section 10.3.8. There is no foreseen evolution of the near field that could lead to those 
conditions and drying of the buffer is not considered further.

High pH
High pH groundwaters in contact with the buffer could occur if the quality control system for reposi-
tory construction fails or malfunctions. The possible routes could either be a misjudgement of the pH 
arising from the cement used, or the use of a wrong cement mixture.

Thermal gradient
The thermal gradient is dependent on the thermal power from the canister and the thermal properties 
of the rock. However, the sensitivity to the parameters is small and the conclusions from the reference 
evolution are expected to be valid for all possible conditions. 

Interaction with metallic iron   
This process will occur if the canister insert gets in contact with the buffer material. Recent labora-
tory experiments under repository conditions have shown that reactions between montmorillonite 
and metallic iron in an oxygen-free environment may be relatively fast and in some cases also lead 
to a general breakdown of the montmorillonite structure / Lantenois et al. 2005/. 

Another possibility would be if stray equipment or material containing iron or steel was left in a 
deposition hole during buffer emplacement. However, in SR-Site it is assumed that the QC system 
will ensure that the deposition holes are cleaned before the buffer is deposited.

Quantitative consequence analysis/discussion – containment and retardation
The effect of the thermal period on the buffer is described in Section 10.3.10. The conclusion is that 
the expected temperature increase will have no significant effect on the buffer properties. 

A buffer temperature exceeding the function indicator could lead to the following consequences.

1. A transformation of the montmorillonite in the buffer to non-expandable minerals (illite). This 
would give a higher hydraulic conductivity and a decrease in swelling pressure.

2. An accumulation of impurities in the buffer on the hot (or cold) side. This would be caused by 
temperature-dependent solubilities. This accumulation could potentially lead to clogging of the 
pore space and a change in the rheological or/and the hydraulic properties.  

The transformation of montmorillonite to illite is discussed in Section 10.3.10. It is evident that the 
transformation is very slow even if repository timescales are considered. / Karnland and Birgersson 
2006/ undertook a review of different kinetic models for smectite to illite conversion. Figure 12-13 
shows the results from different models. The models of Cuadros / Cuadros and Linares 1996/ (Cuadros 1) 
estimate a much faster alteration rate than the one that was used in the SR-Can assessment (Huang). 
However, the Cuadros experimental work did not include specific determinations of all rate-determining 
constants and parameters, as was done by / Huang et al. 1993/. Cuadros, therefore, used natural analogues 
to adjust their model (Cuadros 5) in order to represent the conditions in nature, where bentonite 
persists over geological time scales. 

There are two kinds of data uncertainties for this process.

•	 Uncertainties	in	the	temperature	calculation.	This	is	described	in	the	section	above.
•	 Uncertainties	in	the	data	used	in	the	alteration	calculation	/	Karnland	and	Birgersson	2006/	and	

in the reactive transport calculation.

The potentially most critical data uncertainties are in the frequency factor for a first order reaction 
(Arrhenius equation) and the activation energy in the kinetic expression for the alteration rate.

Using	the	Huang	model,	a	temperature	of	125°C	for	10,000	years	would	not	have	any	significant	effect	 
on the swelling pressure and hydraulic conductivity function indicators / Karnland and Birgersson 
2006/. However, the experimentally achieved model parameters have to be determined at temperatures 



TR-11-01 595

significantly higher than the maximum repository temperature. The uncertainty in the model predictions 
is thereby increasing with decreasing temperature. The kinetic model is thereby only used for the justi-
fication of the temperature criterion, but not for a detailed long term prediction of the transformation 
with attention to the decreasing temperature. As seen in Figure 10-16, the temperature in the warmest 
part	of	the	buffer	decreases	below	60°C	already	after	200	years.	This	means	that	the	uncertainties	in	
the kinetic models will only impact a very limited period of the repository evolution.

Figure 12-14 / Karnland and Birgersson 2006/ shows the swelling pressure of the MX-80 buffer material 
as a function of the dry density. The arrows in the figure indicate the swelling pressure for the reference 
density, a material with 30% transformation and a material with 50% conversion to illite. A conversion 
of 30% of the montmorillonite to illite would still give a swelling pressure above the 1 MPa function 
indicator.	Figure	12-13	shows	that	with	the	Huang	model	a	temperature	of	100°C	for	a	period	of	over	
1,000,000 years is needed to get a degree of conversion of 30%. It is evident that the period with 
elevated temperature under any reasonably postulated set of conditions will never be close to that 
value. The problem with the kinetic model is not the long timescale but rather a more exact effect of the 
decreasing temperature. The scoping calculation by use of the temperature is though considered useful 
since it does not lead significant alteration despite the over-pessimistic temperature assumptions.

Figure 12-13. Comparison of kinetic models for the smectite to illite transformation. Lines show the 
calculated remaining proportion of smectite versus time for a constant temperature of 100°C and a constant 
potassium concentration of 0.005 M.
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An effect of steam on the properties of bentonite has been identified by / Couture 1985/ and is 
discussed by / Pusch 2000a/ and / Karnland and Birgersson 2006/. There is an observed effect of 
vapour that could influence the maximum free swelling of the bentonite. However, No obvious 
mineral alteration was identified by Couture although the experiments were performed at temperatures 
significantly higher than the maximum temperature in a repository. The consequence of steam on the 
long-term performance of the buffer is thereby expected to be limited. 

High pH
If	high	pH	(pH	>	11)	groundwaters	were	to	contact	the	buffer,	some	alteration	or	dissolution	would	
be expected. The extent of the transformation is dependent on the actual pH of the water, the local 
hydrologic situation and the amount of cement producing the high pH (mass balance). However, in 
SR-Site it is assumed that the quality control systems will be sufficient to avoid the introduction of 
cements that could give rise to high pH waters in the repository. 

Thermal gradient
The effect of the temperature gradient on the redistribution of impurities has been calculated by 
/ Sena et al. 2010/ and / Karnland and Birgersson 2006/. This process has been shown to have a very 
limited effect. The temperature gradient is only affected by the absolute temperature to a limited 
degree, and the dependence of this process on the temperature is, therefore, limited.

Interaction with metallic iron  
Currently, a mechanistic understanding is lacking and a quantitative model does not exist. However, 
no interaction between buffer bentonite and metallic iron is expected to occur as long as the copper 
canister is intact.

Summary
Since there still are some uncertainties on the effect of high temperatures on the long-term performance 
of the buffer, a case with an altered buffer zone next to the canister cannot be entirely excluded. The 
consequences of such a case would be a loss of swelling pressure next to the canister, and a correlated 
consolidation of this part due to the swelling pressure in the remaining buffer. However, a major part 
of the buffer has to be transformed in order for the buffer swelling pressure to fall below the pressure 
criterion of 1 MPa, which is most unlikely. If such a low pressure occurred, this would mean that it 
could be possible for sulphate-reducing bacteria to survive and sulphide corrosion to be enhanced.

The interaction between iron and buffer material is still under investigation. It is likely that only the 
region closest to the insert would be affected, assuming that there was any contact between the insert 
and the buffer, and the overall transport properties of the buffer would be maintained. However, today 
it cannot be excluded that the entire diffusion barrier could be lost. This, however, would have 
consequences only for retardation.

Global warming variant and other climate cases
There is nothing connected to the global warming variant (essentially 60,000 years before first perma-
frost) that would make buffer transformation worse. The climate on the surface has no bearing on 
any of the processes discussed in this section. The issue is therefore not further treated for the global 
warming variant. Nor do any of the other climate cases described in Section 12.1.3 have any relevance 
for the buffer transformation scenario.

Categorisation as “less probable” or “residual” scenario 
High temperature, high pH and high temperature gradients are not expected to have any significant 
effect on buffer stability under any plausible conditions. Transformations of buffer material to such 
an extent that the beneficial containment and retardation properties are affected are, therefore, con-
sidered as a residual scenario.

If the buffer gets in contact with metallic iron some alteration will occur. The extent of this is 
currently unknown. The process can only occur after copper canister failure. It is not relevant for 
failures when buffer is missing. 
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Conclusions
Processes that may alter or transform the montmorillonite, as described above, are not expected to 
have any significant effect on the important buffer properties. However, since there are uncertainties 
over the combined effect of elevated temperatures and high pH, a case where the buffer next to the 
canister is altered and the swelling pressure is lost to a level where bacteria can survive is appropriate 
to study. This case is treated as a residual scenario.

12.5 Conclusion from analyses of buffer scenarios 
From the results of the analyses of the three buffer scenarios above, the following conclusions are 
drawn regarding propagation of buffer conditions to the analyses of canister scenarios.

•	 The	buffer	advection	scenario	is	propagated	as	three	cases	to	the	canister	scenarios:	i)	advective	
conditions in every deposition hole throughout the assessment period, ii) advective conditions 
as calculated with base case assumptions in Section 12.2.2, iii) no advective conditions in any 
deposition hole at any part of the assessment period.

•	 The	buffer	freezing	scenario	is	regarded	as	residual.	It	is,	therefore,	not	propagated	to	the	canister	
scenarios in SR-Site. 

•	 The	buffer	transformation	scenario	is	regarded	as	residual.	It	is,	therefore,	not	propagated	to	the	
canister scenarios in SR-Site. 

In addition to the buffer scenarios treating altered buffer states, also the case of an intact buffer needs 
to be considered, and this is covered by case iii) in the first bullet point. 

12.6 Canister failure due to corrosion
12.6.1 Introduction
Canister corrosion was evaluated for a number of situations in the reference evolution. As demon-
strated in Chapter 10, canister corrosion leads to failure only for advective conditions in the buffer, 
and for such conditions only in the most highly flowing deposition holes, in general after several 
hundreds of thousands of years. 

The buffer conditions are thus crucial for the evaluation of the canister failure due to corrosion 
scenario. Based on the findings in the analyses of the buffer scenarios, the cases of intact buffer and 
of advective conditions in the buffer need to be propagated to this corrosion scenario. As described 
in the analysis of the buffer advection scenario, Section 12.2, three cases for buffer advective condi-
tions are propagated for further analyses. 

Safety function indicator(s) considered 
This scenario concerns the safety function Can1, ‘Provide corrosion barrier’, that is directly related 
to the containment potential of the canister.

This is one of the top-level safety functions, meaning that a number of sub-functions must be evalu-
ated in order to fully assess the canister corrosion scenario. Several results from other scenarios, in 
particular regarding the buffer are, therefore, propagated to this scenario.

Treatment of canister corrosion in the reference evolution
Canister failures due to corrosion occur in the reference evolution, for the case of advective conditions 
in the buffer. For an intact buffer, the margins protecting against corrosion failures were demonstrated 
to be considerable.

The two tasks for this corrosion scenario are thus to i) evaluate whether all uncertainties for the 
corrosion case with advective conditions in the buffer are appropriately addressed in the reference 
evolution and ii) whether for an intact buffer there are any remaining uncertainties that could challenge 
the conclusion that corrosion failures will not occur.  



598 TR-11-01

Qualitative description of routes to corrosion
The following factors of importance for the occurrence of canister failures due to corrosion are 
identified, based on the discussion above, on Table 10-27 describing uncertainties identified in the 
reference evolution and on the FEP chart, Figure 8-4.

Initial state factors involved
•	 Initial	minimum	copper	coverage.
•	 Deposition	hole	rejection	criteria.
•	 Corroding	agents	in	buffer	and	backfill.

Processes and rock conditions involved 
•	 Copper	corrosion.
•	 Diffusive	transport	of	corroding	species	through	the	buffer	(for	intact	buffer).
•	 Advective	transport	in	a	deposition	hole	with	an	eroded	buffer.
•	 Groundwater	flow.
•	 Groundwater	concentrations	of	sulphide.
•	 The	possibility	of	oxygen	penetration.

External conditions involved 
•	 Glacial	conditions	leading	to	enhanced	groundwater	flow.	
•	 Glacial	conditions	leading	to	changed	groundwater	composition	(oxygen,	and	sulphide).

12.6.2 Quantitative assessment of corrosion
Remaining uncertainties regarding each of the factors mentioned above are addressed below followed 
by corrosion calculations based on the additional uncertainties identified for a buffer in advective 
conditions. 

Initial copper coverage
The initial copper coverage was extensively evaluated in the Canister production report, leading to 
the initial state values cited in Section 5.4.3, Table 5-9. The derivation of the initial state is based on 
the reference design, production and control methods described in the Canister production report 
and summarised in Section 5.4.2. This issue is, therefore, not further treated here.

As seen in Table 5-9 the minimum copper thickness is 47.5 mm for more than 99 percent of the 
canisters, and somewhat lower values may exist for the remaining small fraction. For the corrosion 
analyses presented in this section, only a limited part of the canister surface is exposed to the corroding 
agent. For an eroded buffer where advection is the dominant transport process, a height of the canister 
corresponding to the thickness of the buffer around the canister, 35 cm, is assumed to be corroded 
(see Section 10.4.9). For an intact buffer, where diffusion is the dominant transport process, the 
concentration profile in the buffer from species entering through a fracture in the deposition hole 
will have its maximum over an even smaller area. The probability that the area with (pessimistically) 
assumed reduced copper thicknesses around the seals will actually be exposed to corrosion is thus 
small. Therefore, the thickness is assumed to be 47 mm in the corrosion analyses (see the Data report, 
Section 4.1). More sophisticated analyses are not seen as warranted in light of the considerable 
uncertainties associated with many other factors in the corrosion calculations, in comparison to 
the rather limited range of values of initial copper coverage discussed here. 

Furthermore, a reduction in copper coverage by a small cavity on the outside, say at the mm scale, 
would not decrease the time required for penetration due to corrosion in proportion to the reduced 
coverage, as the copper outer surface would be evened out as corrosion proceeds. It is only cavities 
on the inner surfaces that would result in a proportionate decrease in penetration time. 
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As mentioned in Section 10.2.5, subsection ‘Canister corrosion’, initial corrosion by atmospheric 
oxygen before emplacement and from initially entrapped oxygen is expected to cause corrosion 
depths	less	than	500	μm	at	most,	and	will	thus	have	a	negligible	impact	on	the	minimum	copper	
coverage of the canisters.

Alternative design copper thicknesses are evaluated as part of the BAT analyses in Section 14.3.

Deposition hole rejection criteria
Deposition holes are rejected according to the EFPC criterion in the reference evolution. This is a 
design decision and it is seen fully feasible to implement the EFPC, see Section 5.2.3. Therefore, 
rejection according to EFPC is assumed also in the corrosion scenario. Alternative rejection criteria 
are evaluated as part of the BAT analyses in Section 14.3.

Buffer and backfill impurities
The analysis of the reference evolution demonstrates that constituents initially present in the buffer 
and the backfill, i.e. entrapped oxygen and impurities (pyrite, organic matter) as well as other sources 
of organic matter (rock biofilms, and hydrogen from corroding rock bolts and other iron components) 
contribute negligibly to copper corrosion, see Section 10.3.13. Mass balance considerations lead 
to the conclusion that corrosion depths from these constituents would be less than a few mm and 
furthermore that time intervals comparable to the one million year assessment period are required 
for all constituents to reach the canister. Considering that the initial content of these constituents puts 
a fundamental limit on the extent of corrosion caused by these, and that this extent is negligible, this 
issue is not further considered in this scenario.

Copper corrosion
In the analysis of the reference evolution corrosion is evaluated as caused by oxygen (atmospheric, 
and initially entrapped), sulphide (transported via groundwater, or produced by sulphate reducing 
bacteria, as mentioned above) as well as corroding agents formed by radiolysis of water or irradiation 
of nitrogen in air. Section 10.3.13 gives the extent of this corrosion as limited to a few mm in the 
106 year assessment perspective, and with these margins and most of the processes bounded by mass 
balance (otherwise by mass transport), these corrosion mechanisms are not further treated in this 
scenario. However, there is a need to revisit the discussion on corrosion of copper with water under 
hydrogen gas production, for low pH conditions, and for the mechanism suggested by / Szakálos 
et al. 2007/.

In Section 8.3.4 it is stated that chloride-assisted corrosion of copper is ruled out if simultaneously 
pH	>	4	and	[Cl–]	<	2	M,	and	there	is	a	thus	a	need	to	analyse	additional	evolutions	to	rule	out	unfavour-
able pH conditions and high ionic strength conditions. During temperate conditions the acidity of 
groundwaters is highest in the upper parts of the rock where recharge of meteoric waters dominates 
because rain water is saturated with atmospheric CO2, which is an acid, and several biological processes 
produce CO2 in the soil layers. When these waters penetrate further down in the rock, the acidity 
is neutralised through several water-rock reactions. Typical pH values for waters at Forsmark are 
illustrated in Figure 10-45. In addition to the enhanced infiltration of fresh meteoric waters, another 
process that may result in low-pH groundwaters is the upconing of deep saline groundwaters which 
results in mixtures with fresh groundwaters. If the mixtures become oversaturated with calcite, the 
acidity of the mixture increases when calcite precipitates: Ca2+ + HCO3

−	→	CaCO3 + H+. This effect 
is larger when waters of meteoric origin, rich in HCO3

−, rather than glacial melt waters are mixed with 
deep Ca-rich groundwaters. The present-day groundwater data at Forsmark together with sensitivity 
analysis results of mixing calculations show that the lowest pH that may be attained is around 6.3, and 
this agrees with the analysis presented in Section 10.3.7. In Section 10.6.3 a transitory rise in atmo-
spheric CO2 concentrations is discussed. As long as the increased CO2 levels are limited to a period 
of hundreds to thousands of years, it would not affect the acidity of groundwaters at repository level. 
The controls on atmospheric CO2 concentrations subsequent to a reduction in fossil fuel emissions 
indicates that although enhanced CO2 concentration values would persist over such timescales, 
concentrations would be lower than the peak value, see the Climate report, Sections 5.1 and 5.2. 
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The groundwater data at Forsmark indicates that in volumes of rock outside fracture zones the salinity 
has been stable during the Weichselian, and large oscillations in groundwater salinities are therefore not 
expected in the future. The analyses of different possible climatic episodes presented in Sections 10.3.7 
and 10.4.7 show that salinity can increase due to upconing during the short glacial transit above the 
repository area. The analyses reported in Sections 10.4.6 and 10.4.7 show that the upconing effect 
is moderate and the resulting ionic strengths in the repository volume are below 0.5 M. Because the 
most pronounced upconing takes place during an ice advance, where the ice profile is steepest, the 
analysis of the reference evolution includes the highest salinities that can be expected at Forsmark. 
It is therefore concluded that there is no need to analyse consequences of chloride-assisted copper 
corrosion. 

In the Fuel and canister process report (Section 3.5.4, subsection ‘Corrosion in the absence of 
oxygen’), the reaction of copper with water to give a not clearly identified corrosion product and hydro-
gen gas is discussed. The scientific basis for the suggested reaction is debated, but the consequences 
for the canister in the repository can be estimated from the published data on hydrogen equilibrium 
pressure / Szakálos et al. 2007/ and mass transport considerations, see further / SKB 2010d/. These 
“what-if”-calculations show that the copper shell is very far from being penetrated, even for an 
assessment time of 106 years. It is only in the case of an eroded buffer and then only for the deposi-
tion holes with the highest flow rate that the corrosion depth is in the mm scale after 106 years. 

Diffusion in intact buffer
As demonstrated in / SKB 2010d/ the flow rate controlled transport resistance in the buffer/rock interface 
determines the rate of transport of species from the groundwater to the canister. The transport resistance 
due to the buffer diffusivity is negligible in comparison. Therefore, there is no reason to handle buffer 
diffusion any further in this corrosion scenario for the intact buffer. In the case of advective conditions 
in the buffer, diffusion of dissolved species in the buffer porewater is, by definition, irrelevant.

Corrosion geometry
For the diffusive case with the buffer present, the corrosion geometry is given by the dimensions of 
the near-field repository components. There are no significant uncertainties to evaluate in this case.

As discussed in the context of the reference evolution at Section 10.4.9, the corrosion geometry for 
the case with advective conditions in the deposition hole is uncertain, varying in time and difficult to 
quantify. In Section 10.4.9 a cautious geometry was used in the calculation examples. An extreme, 
bounding geometry is evaluated below as a sensitivity case. 

The canister is first exposed along a line around half its circumference and this situation does not 
change with time, see Figure 12-15. Corrosion would then proceed radially in the copper material, 
corresponding to a corroded area with an equivalent height, hcorr, of π·dcan/2, where dcan is the thick-
ness of the copper shell. This yields an exposed area of 

Acorr = ½ · π2 · rcan · dcan

This extreme value is about a factor of five smaller than the cautious value in the reference evolu-
tion. (A smaller area yields a higher corrosion rate since all incoming sulphide is assumed to react 
with the exposed canister surface.)

In the corrosion scenario, the cautious geometry is used since it is seen as unrealistic and overly 
pessimistic to base the calculations in the corrosion scenario on the above extreme geometry. For 
this extreme geometry to arise and persist would require the erosion to first go on for a long time 
(hundreds of thousands of years) and then abruptly stop due to changed groundwater conditions 
at just this eroded position, and then remain in this state for another long time (again hundreds of 
thousands of years). However, the sensitivity of the corrosion result to the pessimistic corrosion 
geometry is analysed below.
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Groundwater flow and glacial conditions leading to enhanced groundwater flow
The groundwater flow is one of the factors determining the equivalent flow rates around the deposition 
holes. In the reference evolution, conceptual uncertainties regarding groundwater flow for temperate 
conditions were evaluated for the advection case, Section 10.4.9, by considering the three fracture 
size/transmissivity correlation functions treated in the Forsmark hydrogeological DFN model in Site 
description Forsmark and further handled in the uncertainty analysis described in Section 10.3.6. 
These three variants of the hydro DFN model are used in the further quantitative evaluations of the 
extent of corrosion below. 

Regarding varying groundwater flow conditions over a glacial cycle, it is demonstrated in Section 10.4.6 
that the time averaged values over the reference glacial cycle of q (Darcy flux), q½ and q0.41, relevant 
for copper corrosion under advective conditions, copper corrosion under diffusive conditions and buffer 
erosion, respectively, are all around 80 percent of the corresponding entities for temperate conditions, 
see ML2 data in Figure 10-147. Using the temperate values is thus pessimistic and gives some margin 
for alternative evolutions to the reference glacial cycle.

To address this further, it is noted that increased flow in comparison with temperate conditions occurs 
when the margin of an advancing ice sheet reaches the repository footprint or the margin of a retreating 
ice sheet leaves the footprint, see Section 10.4.6. More severe cases of increased flow could thus occur 
if a margin of an ice sheet came to a halt on top of the repository. This is addressed as follows.

During the deglaciation of the Weichselian ice sheet, the general ice sheet retreat temporarily halted 
several times. This is seen from dated ice marginal moraines, including the deposits from the Younger 
Dryas stadial in e.g. southern Sweden, see the Climate report, Section 4.2.2. During such halts in 
the deglaciation, the ice margin either oscillated back and forth or moved slowly within a zone that 
could be many km wide, in the case of the Younger Dryas several tens of km. During the formation 
of individual moraine ridges, the ice margin is estimated to have been at stable positions for up to a 
few hundred years, see the Climate report, Section 4.2.2. It has to be assumed that similar types of 
stillstands may occur also during phases of ice sheet advance. 

Although not the case during the last deglaciation and in the SR-Site reference glacial cycle, future 
periods of frontal stillstands could occur at the Forsmark site during ice advance, maximum or retreat 
phases, given suitable climate conditions. An extreme case in terms of hydraulic gradients and 
associated increased groundwater flow would occur if the ice front came to a temporary halt with 
the frontal part of the ice sheet situated above the repository. According to / Vidstrand et al. 2010/ 
there is an approximately two km wide influence zone with significantly increased groundwater flux 
associated with an ice sheet margin over Forsmark. This situation is valid if there is no permafrost 

Figure 12-15. Illustration of erosion and corrosion geometry in the erosion/corrosion model. The corroded 
copper volume is modelled with a constant height, with an extreme, minimum value derived from a growing 
semi-circular cross section into the copper.
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at the Forsmark site. If permafrost is present, which is the case in the reference evolution, and also 
very likely during a future glaciation of the Forsmark site, a zone of increased groundwater flow is 
significantly less pronounced / Vidstrand et al. 2010/. Using a two km wide near-frontal zone with 
significantly increased groundwater flux is therefore a pessimistic choice for the analysis of the 
probability for a future situation with an ice sheet margin stillstand over the repository.

Assuming that future periods of ice margin stillstands would have the same characteristics as the 
stillstands associated with the most recent deglaciation, briefly described above and in more detail 
in the Climate report, Section 4.2.2, one could make an estimate of the probability of having such 
a situation occurring at the Forsmark site. By generalising the development of the last deglaciation, 
one could postulate ten temporary halts of shorter duration and one major halt of longer duration, 
corresponding to the Younger Dryas event, for a deglaciation of a full-sized ice sheet equivalent to 
the one of the LGM. Furthermore, for the halts of shorter duration, completely stable ice margin 
conditions are set to persist for 200 years, while during the major stillstand, a completely stable 
position of the ice margin is pessimistically set to a full 1,000 years. This is somewhat longer than 
the time period that the ice margin was located somewhere within the 20–25 km wide Younger Dryas 
zone in Sweden, which lasted around 900 years. In reality, it is likely that, during such long phases, 
the ice margin would move slowly and/or oscillate within an ice marginal zone, see the Climate 
report, Section 4.2.2. Nevertheless, in order to cover uncertainties in future ice sheet behaviour, a 
completely stable margin position for 1,000 years is assumed for the major stillstand. In this way, the 
major stillstand constitutes a pessimistically chosen case in terms of the duration of a high hydraulic 
gradient and associated high groundwater fluxes.

The deglaciation of the Weichselian ice sheet, from its LGM position in Poland and Germany to the 
Scandinavian mountain range, occurred along a distance of ~2,500 km / Fredén 2002/. For each of 
the postulated stillstands, there is a ~2 km wide frontal zone with significantly increased ground water 
fluxes / Vidstrand et al. 2010/. For each advance or deglaciation phase, the probability of having a 
200 year long stillstand at Forsmark is therefore 0.008 (10·2 km/2,500 km), while the probability 
of having the postulated 1,000 year long stillstand at Forsmark is 0.0008 (2 km/2,500 km). For a 
complete glacial cycle with two phases of ice advance and two phases of deglaciation over Forsmark, 
i.e. a glacial cycle similar to the SR-Site reference glacial cycle, the probabilities for the 200 year 
and 1,000 year ice margin stillstands at Forsmark are 0.03 (0.008·4) and 0.003 (0.0008·4), respec-
tively. For the full assessment period of 1 million years, comprising eight repeated identical glacial 
cycles, the probabilities grow correspondingly larger. There is thus a relatively low probability that the 
ice margin zone with high groundwater flux would come to a temporary halt above the repository, 
especially when considering the rarer stillstands of long duration. In this context, it should again be 
pointed out that the assumption of a completely stable ice margin over the repository for 1,000 years 
is a highly pessimistic case compared to what is known from the last deglaciation, see further the 
Climate report, Section 4.2.2. 

For the question of increased flow during a stillstand, also the presence or absence of permafrost 
should be considered. In the reference glacial cycle, the simulated ice sheet is cold-based, and 
advances over permafrost, during the phases of ice sheet advance whereas it is warm-based during 
the deglaciations, see Section 10.4.1. Only the latter situation gives rise to increased flow. In estimat-
ing the probability of having an ice margin stillstand over Forsmark, it is reasonable to include also 
this development. In line with this, it is assumed that half of the stillstands are cold-based and half 
are warm-based. The resulting probability of having a warm based, 200 year stillstand over the reposi-
tory during one glacial cycle is thus estimated at 0.015 (0.03/2), while the probability of a warm 
based 1,000 year stillstand is estimated at 0.0015 (0.003/2). For the one million year assessment 
period, these figures should be multiplied by eight, yielding probabilities of 0.12 and 0.012 for  
200 year and 1,000 year stillstands, respectively.

Intact buffer
For an intact buffer, q½ is the relevant entity to consider. Assuming according to Figure 10-132 that 
q is increased by a factor of 100 during the stillstand, q½ increases by a factor of ten. A one thousand 
year stillstand then gives an impact on corrosion corresponding to 10,000 years of temperate flow, 
which is only one percent of the one million year assessment period. Considering that the probability 
of this to occur once during one million years is 0.012 leads to the conclusion that this impact is 
negligible. The same conclusion is reached for the 200 year stillstands.
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Advection in buffer
For a buffer with advective conditions, the Darcy flux, q, is normally the relevant entity to consider, 
but for the high flow rates of concern in this case, the dependence on Darcy flux is as q½ / Neretnieks 
et al. 2010/ and the effect is thus negligible according to the above. Even with a linear dependence 
on q, the effect would be negligible considering the low probabilities involved.

In conclusion, the Darcy flux distributions at 2000 AD for the three hydrogeological DFN models 
do not have to be modified to account for varying flow conditions over a glacial cycle.  

Groundwater concentrations of sulphide
For corrosion calculations in the reference evolution, it was assumed that the distribution of ground-
water concentrations of sulphide over a glacial cycle is equal to that for temperate conditions reported 
in Section 10.3.7. This is regarded as a pessimistic assumption, see Section 10.4.7. These concentra-
tions also include effects of microbial sulphate reduction. Also, it was pessimistically assumed in the 
corrosion calculations reported for the reference evolution that sulphide concentrations at a given 
position in the repository do not vary in time, but a randomly sampled value from the distribution 
of sulphide concentrations is assumed to prevail throughout the one million years assessment period. 
As also shown for the reference evolution, assignment of the mean value of the distribution to all 
deposition holes results in lower consequences in terms of failed canisters at one million years. 

No reason to pursue this pessimistic approach any further has been identified. However, some simple 
studies of the sensitivity of the corrosion result to the properties of the sulphide distribution are presented 
below. The distribution consists of 46 data points ranging from 1.2·10−7 M representing a detection limit, 
to a maximum value of 1.2·10−4 M. It is noted that the second highest value is 1.2·10−5 M, i.e. an order 
of magnitude lower than the highest. Since it is only the combination of high sulphide concentra-
tions and high flow rates that yield corrosion failures, it is of interest to study the sensitivity of the 
corrosion results to details of the high-end tail of the sulphide distribution. (The corresponding 
dependence on the high-end tail of the flow distribution is covered by the multiple realisations of 
the flow models.)

The following sensitivity cases are analysed:

•	 The	highest	point	in	the	distribution	i.e.	[HS−] = 1.2·10−4 M is deleted from the distribution.
•	 A	point	with	twice	the	highest,	i.e.	[HS−] = 2.4·10−4 M is added to the distribution.
•	 The	mean	value	of	[HS−] is used for all deposition positions. This is equivalent to saying that 

[HS−] at a given position will vary over time with an average value equal to the mean value of 
the	[HS−] distribution = 5·10−6 M.

Oxygen penetration
Penetration of oxygenated groundwater to the deposition holes was ruled out in the reference evolu-
tion, see Section 10.4.7. This issue needs, however, to be analysed also for situations with increased 
flow caused by an ice sheet margin stationary over a repository for longer periods than expected in 
the reference evolution. 

The understanding of oxygen penetration is discussed in Section 10.4.7. There, it is demonstrated 
that the degree of oxygen penetration for steady state flow conditions is controlled by:

•	 the	duration	of	the	steady	state	episode,

•	 the	concentration	of	oxygen	at	the	inlet	of	the	flow	paths,

•	 the	extent	to	which	microbial	processes	contribute	to	oxygen	consumption,

•	 the	surface	area	of	the	reducing	minerals	in	the	rock	and	the	kinetics	of	their	reactions	with	oxygen,

•	 the	F factors of the recharge flow paths connecting the surface to the deposition holes.

In the following, each of these factors is discussed and quantified in order to arrive at a quantitative 
assessment of the extent of oxygen penetration and potential consequences in terms of corrosion.
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Duration
According to the section on glacial conditions leading to enhanced groundwater flow above, situations 
with 200 year and 1,000 year stillstands can be considered, with probabilities of occurrence in combi-
nation with warm-based glaciers, of 0.12 and 0.012, respectively.

Oxygen concentration
According to Section 10.4.7, see also / Sidborn et al. 2010/, there is a theoretical upper limit on the 
oxygen concentration of intruding glacial melt water of 1.5 mM. This concentration is pessimistically 
assumed in the following.

Microbial activity at the surface
As mentioned in Section 10.4.7, during a period of glaciation, the amount of degradable organic 
substances is uncertain, although microbial activity is observed at the surface of most glaciers, and 
in glacial melt water / Hallbeck 2009/. Microbial activity is pessimistically disregarded here.

Mineral surface area and reaction kinetics
The same data as used in Section 10.4.7 is used here. A cautious value for the specific reactive 
surface is used based on the size and geometric shape of biotite grains in the rock mass at Forsmark.

The pH of the water is assumed to be equal to 8. Higher pH values would result in increased mineral 
dissolution rates and homogeneous oxidation rates, and therefore, in an increased oxygen consump-
tion rate, and in a decreased penetration of oxygen both into the rock matrix and along the fracture. 
The results are however not very dependent on the pH in the range 7 to 8, but this effect begins to 
be important at pH 8.5. It is indicated in / Salas et al. 2010/ that groundwaters with a large glacial 
meltwater component are characterised by pH values around 9, and therefore the pH value assumed 
here is considered cautious. 

No account is taken here for the reducing capacity of fracture filling minerals. Along the fracture path, 
the oxygen-rich waters will encounter Fe(II) minerals which in Forsmark correspond to a concentration 
of Fe(II) increased by a factor of 3 in a 0.2 mm thick layer of rock adjacent to the fracture surface. This 
increased reducing capacity close to the fracture surface is pessimistically not included in the calcula-
tions. The effect is however discussed in the calculations reported in / Sidborn et al. 2010/.

Diffusivity and porosity
The penetration of oxygen is evaluated for a rock matrix having the characteristics of intact rock. 
Close to the fracture surface the porosity is higher, and therefore the diffusion of oxygen and other 
dissolved substances is faster. Because of this, the diffusion of oxygen into the rock matrix is deeper 
than in the present calculations, and the penetration along the fracture is shorter. Due to the difficulty 
of assigning cautious values for the effective diffusivity and porosity in the altered zone close to frac-
tures, values for the bulk rock matrix are used for the base-case calculations in / Sidborn et al. 2010/, but 
an example of increased De and porosity is included in that report as a parameter sensitivity analysis. 
The increased rock porosity close to fracture surfaces is pessimistically disregarded here.

F factors
Flow-related transport resistance values for steady state recharge flow conditions with the ice margin 
right above the repository were reported in Section 10.4.6 and used there for assessments of penetration 
of dilute water. In these calculations, the flowing fractures in the part of the flow domain that hosts 
the repository are described with an explicit hydrogeological discrete fracture network model (DFN). 
This part is surrounded by two successive volumes. Next to the DFN volume, the advective flow system 
is modelled using an Equivalent Continuous Porous Medium (ECPM) approach based on up-scaling 
of a DFN representation. Outside of the ECPM, a Continuous Porous Medium (CPM) approach is 
used with assumed homogeneous properties. In the calculation of penetration of dilute water, only 
the explicit DFN part was accounted for. There is, however, no reason to disregard the part of the 
flow path going through the two continuum representations of the flow domain. The initial part of 
the recharge flow paths, i.e. close to ground surface, will predominantly be in the CPM part of the 
domain, and it is desirable to capture the oxygen depletion along the full flow path. 
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To obtain an ECPM representation of the fractures in the full domain, a variant representation of 
the groundwater flow model described in Section 10.3.6 was produced, namely the Extended spatial 
variability case. In this variant, an ECPM representation, based on up-scaling of an explicit discrete 
fracture network representation, is used throughout the regional model domain. However, the repository 
region is still represented by an explicit DFN, see Section 10.3.6 and / Joyce et al. 2010/ for details. 
Recharge particle tracking is done in this model with boundary conditions from the glacial case model 
presented in Section 10.4.6. Ice front locations II and III, i.e. when the ice front is in close proximity 
to the repository, are considered. Along the recharge flow paths, advective travel time and flow-related 
transport resistance are calculated for use in the calculations of oxygen penetration.

It should be noted that the model of / Joyce et al. 2010/ underestimates the length of the recharge flow 
paths due to the finite extent of the domain used. In the super-regional scale model of / Vidstrand et al. 
2010/, recharge paths are obtained, for the corresponding ice front locations, that extend well beyond 
the upstream boundary of the model domain used in / Joyce et al. 2010/. Hence, the flow-related 
transport resistance (F) values used in the present assessment are likely under-predicted. 

Extent of oxygen penetration
Using the F-values obtained according to the approach described above, that is, using the Extended 
spatial variability case, for ice front location III and applying the EFPC rejection criterion, 31 depo-
sition positions out of the 6,000 experience oxygen concentrations above 10−7 M, and of these, the 
oxygen concentration is higher than ~1 mM for 6 positions. For ice front location II the deposition 
location most affected (in a different volume of the repository not affected by ice front location III), 
has an O2 concentration slightly below 0.15 mM. 

Corrosion for diffusive conditions
A 1,000 year exposure to 1.5 mM of O2 in a fracture intersecting a deposition hole with an intact 
buffer yields a corrosion of about 0.3 mm in the most exposed deposition hole in the repository, 
for the flow conditions discussed above and assuming spalling in all deposition holes. Note that i) 
all deposition holes are included in this calculation, not only those for which the corresponding F 
factors imply oxygen penetration and ii) the theoretically maximal oxygen concentration is assumed. 

It is concluded that corrosion due to oxygen penetration with diffusive conditions in the deposition 
hole can be neglected.   

Corrosion for advective conditions
The same corrosion model as used for sulphide corrosion for assumed advective conditions in the 
deposition hole was applied for the deposition positions to which oxygen was calculated to penetrate 
as mentioned above. The enhanced flow rates calculated for these positions were used in the corro-
sion calculation.

The	calculations	result	in	a	corrosion	rate	slightly	below	6	μm/yr	for	the	deposition	location	mostly	
affected by the high O2 concentration for ice front location III. The following three most affected 
positions	have	corrosion	rates	of	3.6,	1.7	and	0.9	μm/yr	respectively.	This	yields	corrosion	depths	
after 1,000 years of at most 6 millimetres. A 200 year stillstand would result in a corrosion depth of 
about 1.2 mm for the position most affected. These corrosion depths do not include surface roughening 
due to localised corrosion, see below.

The following is noted. 
•	 The	particular	position	for	which	the	high	oxygen	concentration	occurs	is	not	among	those	predicted	

to experience advective conditions in the erosion calculations carried out with the same hydro-
geological DFN model (the same DFN realisation of the semi-correlated base case). This is because 
the hydrogeological boundary conditions for the two situations are different.

•	 Only	ice	front	location	III	results	in	substantial	oxygen	penetration.	The	distance	between	ice	
front location II and III is 1.7 km. It is assumed here that for the 1,000 year duration of the ice 
front standstill, the ice margin does not move forth and back distances in the scale of several 
hundreds of metres. If the ice front should oscillate around its margin position, then the hydro-
geological conditions would change in such a way that no single deposition location would be 
affected by oxygen penetration during any significant period of time.



606 TR-11-01

•	 Any	localised	corrosion	in	connection	with	oxygen	corrosion	under	glacial	conditions	would	be	
in the form of uneven general corrosion (rather than true pitting), and as documented in the Fuel 
and canister process report, Section 3.5.4, the extent of this roughening could be estimated to 
be some hundred µm, for corrosion depths in the mm scale.

Conclusion
With the pessimistic assumptions i) that a theoretical upper limit on oxygen concentration is used, 
ii) that the reducing potential of fracture filling minerals and microbial processes are neglected, and 
iii) that no credit is taken for the fact that different canister positions are the most exposed to erosion 
and corrosion, respectively, and iv) that small oscillations of the ice front during the 1,000 years stillstand 
are not considered, then the calculated corrosion depths are in the millimetre scale. Furthermore, the 
probabilities of the 1,000 year and 200 year stillstands occurring during the one million year assess-
ment period are estimated at 0.012 and 0.12, respectively. Therefore, it is concluded that effects of 
oxygen penetration can be excluded from the corrosion scenario. 

Event sequences
The sequences of events that are considered in this scenario concern the succession of climate domains 
with their associated variations in groundwater flow and geochemical conditions. As averages over 
glacial cycles are used for these entities, justified by the fact that corrosion failures generally take several 
glacial cycles to develop, the detailed event sequences are of secondary importance for estimation of 
the number and timing of the resulting corrosion failures. Hence one important aspect of the regulatory 
requirement on treatment of alternative climate evolutions has been addressed.

Quantitative sensitivity analysis of canister corrosion
Intact buffer
For an intact buffer, the analysis of additional uncertainties did not result in any situations that challenge 
the conclusion from the reference evolution that there are considerable margins to canister failures. 
Therefore, no additional corrosion calculations are carried out for the case of an intact buffer.

Advection in buffer
In the buffer advection scenario, Section 12.2, three cases to be propagated to the corrosion scenario 
were identified.

•	 A	case	where	advective	conditions	occur	to	the	extent	given	by	the	reference	evolution	treated	
in Chapter 10.

•	 A	bounding	case	where	advective	conditions	occur	in	every	deposition	hole	throughout	the	
assessment period.

•	 A	case	where	diffusive	conditions	are	preserved	in	every	deposition	hole	throughout	the	assessment	
period.

The third case corresponds to an intact buffer and has been treated above. That case does not repre-
sent a situation with advective conditions in the buffer, but is included to represent the conceptual 
uncertainty regarding buffer colloid release/erosion. Further understanding of that process could lead 
to the exclusion of colloid release from future assessments. In addition to these three cases, also the 
sensitivity cases based on erosion related factors identified in the buffer erosion scenario are studied 
from the point of view of corrosion below. 

The uncertainty analyses of factors contributing to corrosion above have led to the following conclu-
sions regarding base case assumptions and sensitivity cases for corrosion related factors.

•	 The	initial	copper	coverage	is	assumed	to	be	47	mm,	as	in	the	reference	evolution.
•	 EFPC	rejection	of	deposition	positions	is	applied.
•	 Corrosion	due	to	impurities	in	buffer	and	backfill	is	neglected.
•	 Buffer	diffusion	is	irrelevant	for	the	advection	case.	However,	before	advective	conditions	arise,	

diffusion controlled sulphide corrosion in a partially eroded buffer will occur. The extent of this 
corrosion is difficult to quantify. Here, the case with initial advection in all deposition holes puts 
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a bound also on the extent of corrosion with a partially eroded buffer followed by corrosion under 
advective conditions. 

•	 The	cautious	corrosion	geometry	from	the	reference	evolution	is	used,	with	the	bounding	pessimistic	
geometry as a sensitivity case.

•	 Regarding	flow	conditions,	the	three	cases	of	uncorrelated,	semi-correlated	and	fully	correlated	
relations between fracture length and transmissivity are propagated to corrosion calculations. 
Temperate flow conditions are pessimistically assumed and glacier stillstands are disregarded 
for sulphide corrosion since they give negligible additional contributions.

•	 As	in	the	reference	evolution,	present	day	sulphide	concentrations	are	pessimistically	assumed	
and, also pessimistically, a deposition position is assumed to experience the same, randomly 
sampled sulphide concentration throughout the assessment period. Three sensitivity cases are 
defined to study the sensitivity to the properties of the sulphide distribution.

•	 Corrosion	contributions	from	oxygen	penetration	are	disregarded,	since	they	are	unlikely	and,	
also with a number of pessimistic assumptions, limited in extent.

A base case using all ten realisations of the semi-correlated hydrogeological DFN model, the site 
specific sulphide distribution and base case assumptions regarding buffer erosion yields on average 
0.12 failed canisters in one million years as already reported in the reference evolution, Section 10.4.9. 

The sensitivity to uncertainties in erosion related factors is studied by calculating the number of 
failed canisters for the sensitivity cases for buffer erosion studied in the buffer advection scenario, 
Section 12.2.2. The results are shown in Figure 12-16, which thus corresponds to the erosion cases in 
Figure 12-3 of Section 12.2.2, but where the cases F, H and J with initial advection have been added. 

As seen in the Figure, the sensitivity to all assumptions regarding buffer erosion is limited. The 
highest impact is obtained for the different hydrogeological DFN models. It is noteworthy that even 
assuming advective conditions initially in all deposition holes has a limited impact on the extent of 
corrosion for a given hydrogeological model variant. This finding justifies the simplification of only 
propagating the base case and the two bounding cases from the analysis of buffer erosion. 

Figure 12-17 shows results of the sensitivity cases based on uncertainties in corrosion related 
factors identified above, i.e. sensitivities related to the distribution of sulphide concentrations and 
to the corrosion geometry. (The impact of the different hydrogeological DFN models is shown in 
Figure 12-16). The cases show the following.

•	 Assuming	the	mean	value	of	[HS−] for all deposition positions, which is equivalent to assuming 
that	[HS−] at a given position will vary over time with an average equal to the mean value of the 
entire	[HS−]-distribution, i.e. 5·10−6 M, yields no corrosion failures for the semi-correlated hydro-
geological DFN model. The same result is obtained with the uncorrelated and the fully correlated 
hydro DFN models (not shown in the Figure). This is a significant result. Although it cannot be 
justified to assume a temporal variability that is represented by the given sulphide distribution, 
it is not unreasonable to assume that the sulphide concentrations would vary over time and thus 
serve to reduce the expected number of canister failures considerably. The result is a reflection 
of the fact that canister failures occur only when the highest flow rates are combined with the 
highest sulphide concentrations, and when both these entities are pessimistically assumed to be 
constant in time over the entire one million year assessment period for a given deposition position.

•	 Omitting	or	adding	another	data	point	with	the	highest	sulphide	concentration,	i.e.	0.12	mM,	has	
a significant impact on the result. As mentioned above this point is about one order of magnitude 
higher than the next highest point in the distribution.

•	 Assuming	the	unrealistic,	pessimistic	corrosion	geometry	leads	to	an	increase	in	the	mean	number	
of failed canisters by about a factor of five meaning that the dependence is roughly inversely 
proportional to the exposed canister surface in this case. 

Full documentation of all calculations of buffer erosion/colloid release and canister corrosion is 
given in / SKB 2010d/.



608 TR-11-01

Figure 12-17. Calculated mean number of failed canisters at one million years for the sensitivity cases 
identified in the corrosion scenario and with base case assumptions for erosion. The crosses denote mean 
values and the bars denote the variability over the several realisations of the hydrogeological DFN models.
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Figure 12-16. Calculated mean number of failed canisters at one million years for the sensitivity cases 
identified in the buffer advection scenario, Figure 12-3 in Section 12.2.2, and with base case assumption for 
corrosion. The crosses denote mean values and the bars denote the variability over the several realisations 
of the hydrogeological DFN models.
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12.6.3 Conclusions
The canister failure due to corrosion scenario is a less probable scenario, since this type of canister 
failure cannot be ruled out in the one million year assessment period. 

For the assessment of consequences in terms of dose and risk, the three buffer cases (no advection, 
erosion according to the SR-Site model, initial advection) need to be combined with the three hydro-
geological DFN models, with the base case assumptions used above for other erosion and corrosion 
related parameters. Evidently, the bounding case where advective conditions occur in every deposition 
hole throughout the assessment period is unrealistic, but this case is still kept within the scenario, to 
illustrate the impact of the uncertainties covered by this case.

Figure 12-18 shows the cases that have been formulated for the corrosion scenario. The three 
hydro geological DFN model variants of the Forsmark site are included to cover uncertainties in the 
correlation structure (blue objects). The next branching represents the three cases of buffer advection 
(red) propagated from the buffer advection scenario. Finally, the mean number of failed canisters 
calculated for each of the situations is given in orange.

The case with the semi-correlated hydrogeological DFN variant combined with the SR-Site model 
for buffer erosion is seen as a central corrosion variant, based on which assessments of radionuclide 
transport and dose should primarily be made. This position is adopted because of the following 
considerations. 

•	 The	semi-correlated	DFN	model	is	more	compatible	with	site	data	than	the	other	two	cases	since	
its description of the relation between fracture size and transmissivity is most consistent with 
observations. 

•	 The	SR-Site	model	for	buffer	erosion	is	the	best	available	representation	of	current	knowledge	
of this process, although there are conceptual uncertainties associated with the model. 

The remaining combinations of hydro DFN models and erosion cases are seen as illustrative cases 
providing bounds on uncertainties in the aspects of corrosion they represent.

The cases discussed above are propagated to analyses of the retardation potential for the corrosion 
scenario, Section 13.5. 

Figure 12-18. Mean number of advective deposition positions and mean number of failed canisters for the 
calculation cases identified as relevant for the corrosion scenario.
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 advectice positions failed canisters
 (at 105 yrs)   at 106 yrs (at 105 yrs)   at 106 yrs

Initial advection (6000) 6000 (0.055) 1.2

SR-Site erosion model (1.2) 280 (0.004) 0.65

No advection (0) 0 (0) 0

Initial advection (6000) 6000 (0.013) 0.18

SR-Site erosion model (0.6) 19 (0) 0.12

No advection (0) 0 (0) 0

Initial advection (6000) 6000 (0.043) 0.86

SR-Site erosion model (1.2) 19 (0.005) 0.57

No advection (0) 0 (0) 0
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Global warming variant and other climate cases 
The above conclusions are valid also in relation to the global warming variant of the reference evolu-
tion. Such a variant could possibly impact negatively on the extent of erosion during the initial 
temperate period. In the one million year assessment period, this impact is very limited and it is 
covered by the case with initial advection in all deposition holes. Nor do any of the other climate 
cases described in Section 12.1.3 have any relevance for the corrosion scenario.

12.7 Canister failure due to isostatic load
12.7.1 Introduction
Safety function indicator(s) considered 
This scenario concerns the safety function relating to the canister’s ability to withstand isostatic 
loads, safety function Can2. 

This safety function is directly related to containment, as the containment is assumed to be breached 
if the safety function is not maintained.

Treatment of this issue in the reference evolution
Canister failure due to isostatic load was not included in the reference evolution, since peak loads 
in the reference evolution (43.5 MPa) are below the design load of the canister (45 MPa).

Propagated buffer conditions
According to Section 12.5, three different buffer conditions are propagated to the canister scenarios. 
Two of these concern advective conditions in the buffer and the third is the intact buffer. Since 
advective conditions are related to an eroded buffer which has a lower swelling pressure than an 
intact buffer, such conditions are less likely to induce isostatic collapse. 

Furthermore, in Section 12.3, it was concluded that neither an intact buffer nor groundwater in 
potential buffer erosion cavities will freeze, not even for pessimistic assumptions of future climate 
conditions at the Forsmark site. 

Based on these considerations, only the intact buffer is further treated in the analysis of potential 
canister failures due to isostatic load. 

Qualitative description of routes to canister failure due to isostatic load (including 
initial state aspects and external conditions)
The evolution in this scenario is assumed to be identical to that of the reference glacial cycle variant 
of the reference evolution, except for factors related to isostatic collapse of a canister.

According to the FEP chart, this safety function would be jeopardised if the isostatic load on the 
canister, determined by the groundwater pressure, equal to the buffer porewater pressure, and the 
buffer swelling pressure, exceeds the design load of 45 MPa. 

The groundwater pressure is determined by repository depth for non-glacial conditions. For the 
Forsmark site, this means pressures of around 4.5 MPa. For glacial conditions the alteration of the 
hydrostatic pressure due to the presence of the ice sheet is added. This pressure is, in the reference 
evolution, assumed to correspond to the maximum ice thickness at the site, as it cannot be significantly 
greater than this. At Forsmark, the additional hydrostatic pressure is 26 MPa, see Section 10.4.1. 

The buffer swelling pressure is determined by the buffer density and chemical composition, including 
the species of adsorbed cation. In the reference evolution, the maximum buffer swelling pressure, 
corresponding to an unaltered buffer of 2,050 kg/m3 (the upper limit of the reference density 
interval), was determined to 13 MPa.
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The following factors of importance for the occurrence of canister failure due to isostatic load are 
identified, based on the discussion above, on Table 10-27 describing uncertainties identified in the 
reference evolution and on the FEP chart, Figure 8-4.

Initial state factors involved
•	 Canister	strength.

•	 Buffer	density.

•	 Repository	depth	(determining	groundwater	pressure	if	no	glacial	load).

Processes involved 
•	 Buffer	swelling.

•	 Buffer	chemical	alterations	and	density	losses.

•	 Convergence	of	deposition	hole.

External conditions involved
•	 Ice	sheet	thickness	and	hydrology.

These factors are discussed quantitatively in the following under the three headings glacial load, 
buffer swelling pressure and canister strength.

12.7.2 Glacial load 
Introduction
As mentioned in Section 10.4.1, for glacial conditions an additional hydrostatic pressure related 
to the ice sheet thickness is added to the hydrostatic pressure for ice free conditions. The extremes 
regarding hydrostatic pressure in the glacial climate domain depend on the ice sheet configuration 
and on its hydraulic systems. Under the Antarctic ice sheet, sub-glacial lakes have been observed. 
The hydrostatic pressure in these lakes is typically assumed to correspond to the ice overburden pres-
sure. A hydro-thermo-mechanical balance is assumed, where supply of basal melt water, re-freezing 
and ice deformation result in a hydrostatic equilibrium where the ice sheet rests, or floats, on the 
water surface, e.g. / Pattyn et al. 2004/. As further justified below, it is reasonable to assume that 
also for the Fennoscandian ice sheet, the maximum ice sheet thickness sets a limit to the maximum 
hydrostatic pressure that may occur at the ice sheet bed-substrate interface.

Sensitivity to climate forcing 
To investigate the maximum ice sheet thickness that may occur in Fennoscandia, the ice sheet 
model described in Section 10.4.1 was run using a set of temperature evolutions where local annual 
air	temperatures	were	decreased	linearly	by	1°C	per	2,000	years,	from	present-day	temperatures	
down to various constant levels. In these sensitivity tests, temperatures were lowered between 4 and 
16°C,	see	Figure	12-19	and	in	the	Climate report, Section 5.4. In these calculations, ice sheets only 
develop	for	temperature	lowerings	of	7°C	and	more	(Figure	12-19).	In	all	cases,	the	ice	sheet	model	
simulated a total time period of 100,000 years, after which approximate steady-state conditions 
were obtained with little further change in ice volume and area. The resulting maximum ice sheet 
thicknesses are shown in Figure 12-20.

As expected, the maximum ice sheet thickness increases with colder climates (Figure 12-20, black 
line). However, the degree of increase in thickness with temperature lowering declines as colder 
cases	are	considered.	For	a	temperature	lowering	of	more	than	approximately	13°C,	colder	climates	
do not generate thicker ice sheets. The model result that there is such a limit on the maximum ice 
thickness, is in line with what is known of Antarctic ice-sheet variations, see below. 

These simulated temperature cases are extreme as regards their prolonged duration. Variations in 
temperature of this magnitude have occurred in the past, e.g. / Dansgaard et al. 1993/, but never of 
this long duration without interruptions, see the Climate report, Section 4.3.4. The extreme nature 
of these sensitivity cases is reflected also in the resulting ice sheet configurations for the colder cases. 
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Here, the ice sheet covers all of northern and central Europe, and extends southward all the way to 
the Alps. Geological observations of traces from Fennoscandian ice sheets show that such large ice 
configurations have never occurred during the Quaternary period, and can thus be considered unrealistic.

The maximum ice thickness for Forsmark in the reference glacial cycle was 2,920 metres (Figure 12-20). 
In the sensitivity tests, the maximum ice sheet thicknesses developed at Forsmark were 3,670 metres. 
The uniform and high values reflect that the site has an interior location within these unrealistically 
large ice sheets. For more information on these simulations and motivation for considering these 
extreme ice sheets unrealistic, see the Climate report, Section 5.4.

Estimate of maximum ice thickness at Forsmark during the past 2 million years
From geological information, it is known that the maximum ice extent of Pleistocene Fennoscandian 
ice sheets (i.e. those occurring during the past ~2 million years) were larger than that of the Weichselian 
ice sheet, and occurred during the Saalian glaciation, e.g. / Svendsen et al. 1999, 2004, Lambeck et al. 
2006, Colleoni et al. 2009/. At the peak of the Saalian glaciation, around 140,000 years BP, the ice sheet 
reached up to c. 200 km further south and more than 1,000 km further east than the Weichselian ice sheet. 
Modelling of the maximum Saalian ice sheet configuration indicated that the maximum ice thickness of 
this ice sheet was c. 3,200 m over the Forsmark region, see the Climate report, Section 5.4. According 
to / Lambeck et al. 2006/ the maximum Saalian ice thickness over the Forsmark region at 140,000 
years BP was around 3,400 m. Similar values may be inferred from / Colleoni et al. 2009/. Based on 
this information, the maximum expected ice sheet thickness for Forsmark is set to 3,400 m. From the 
results of the extreme cases in the sensitivity test (Figure 12-20), it is unlikely that the ice thickness at 
Forsmark could, under any circumstances, exceed 3,700 metres. The results of the sensitivity tests can 
be considered as high values since it is unlikely that a Fennoscandian ice sheet would, in reality, ever 
reach its maximum equilibrium size, i.e. the sizes simulated in these experiments. For a description of 
uncertainties in the model simulations, see the Climate report, Sections 3.1.4, 3.1.7 and 5.4.2.

Figure 12-19. Temperature lowering schemes (upper graph) and resulting development of Fennoscandian/
Eurasian ice-sheet volume (lower graph). 
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Estimate of maximum overall ice sheet thicknesses during the past 2 million years
In the climate cooling sensitivity tests, the maximum simulated overall thickness of the ice sheets is 
4,360 metres. This is 1,000 m more than the maximum overall ice thickness of the reference glacial 
cycle which is 3,300 metres. Estimating the maximum thickness of the largest geologically feasible 
Pleistocene ice sheet yields a maximum overall Saalian ice thickness of 3,600 metres. Other simula-
tions of the Saalian ice sheet result in a maximum ice thickness of 4,500 m, over the Kara Sea in the 
Arctic / Lambeck et al. 2006/.

For comparison, the maximum ice sheet thickness occurring on Earth today is ~4,500 m for parts of 
the East Antarctic ice sheet / Lythe et al. 2001/. The Greenland ice sheet has a maximum thickness of 
~3,400 m / Bamber et al. 2001/. In a colder glacial climate, the maximum ice thickness of the Antarctic 
ice sheet will probably not change significantly. In a colder climate, the marginal parts of the Antarctic 
ice sheet grow significantly, whereas, at the same time, more interior parts keep the same thickness 
or even gets thinner due to moisture starvation / Huybrechts 1990, Näslund et al. 2000/. Therefore, it 
is likely that the maximum thickness of the Antarctic ice sheet seen also over an entire glacial cycle 
is around 4,500 m. This value is close to the largest overall ice thickness obtained in the sensitivity 
test, 4,360 metres (Figure 12-20). These results are also in line with a largest inferred thickness of 
the Laurentide ice sheet of 4,300 metres / Tarasov and Peltier 2004/. These observations and results 
suggest that Pleistocene ice sheets up to date have not grown thicker than approximately 4,500 m, 
which gives an upper limit for ice sheet thickness. 

Hydrostatic pressures exceeding ice overburden pressure
Hydrostatic pressures exceeding ice overburden can occur in some situations, for example in relation 
to	jökulhlaups,	i.e.	large	sudden	outburst	floods	of	glacial	melt	water	from	subglacial	or	supraglacial	
ice-dammed	water	reservoirs	/	Roberts	et	al.	2000/.	In	a	few	cases,	higher	pressures	of	non-jökulhlaup	
origin have been registered also in the ablation area of smaller glaciers. These high pressures are of 
artesian character, with the amount of pressure being ultimately determined by upglacier ice thickness 
and the presence of meltwater. This may also occur in near-frontal parts of ice sheets / Roberts 2005/. 
However, during times of maximum ice sheet thickness over Forsmark, e.g. during the Last Glacial 

Figure 12-20. Maximum modelled ice sheet thicknesses for the schematic climate evolutions in 
Figure 12-19. The curves represent maximum ice thicknesses for the Forsmark region (blue) and the overall 
largest ice-sheet thickness (black). The short lines marked Reference glacial cycle show the maximum ice 
thickness obtained for that case. Short lines marked Saalian ice sheet show the estimated maximum ice 
thickness for the largest ice sheet configuration during the past 2 million years supported by geological 
observations, see the Climate report, Section 5.4.
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Maximum, these site is located within the ice sheet interior, far from the ablation area and the margin. 
For this ice sheet configuration, surface melting is thus absent or negligible above and upstream of the 
Forsmark site, due to the high ice surface elevation and associated low air temperatures. In addition, 
climate is at its coldest at this time during the glacial cycle, also precluding surface melt in these 
high-polar regions of the ice sheet. Therefore, it is reasonable to assume that maximum hydrostatic 
pressures at Forsmark are dependent only on the local ice thickness during periods of maximum ice 
thickness, and not on ice thickness and surface melting upstream of the site.

Conclusions
For the reference glacial cycle, the additional hydrostatic pressure related to ice thickness over Forsmark 
is 26 MPa (Table 12-2). The maximum expected additional hydrostatic pressure, pessimistically derived 
from the largest ice sheet configuration during the past 2 million years, as supported by geological 
observations, is 30 MPa. Adding the hydrostatic pressure for ice free conditions, 4.5 MPa, yields a 
total maximum hydrostatic pressure at Forsmark of 34.5 MPa. Maximum ice thicknesses of the more 
extreme and unrealistic ice sheet configurations discussed above, with associated additional hydro-
static pressures, are also presented in Table 12-2.

Table 12-2. Maximum ice sheet thickness and associated additional hydrostatic pressure 
at Forsmark for various Fennoscandian ice sheet configurations.

Maximum ice  
thickness (m)

Hydrostatic pressure  
contribution (MPa)

Reference glacial cycle 2,920 26
Largest Fennoscandian ice sheet during past 2 Myrs  
(Saalian ice sheet)

3,400 30

Extreme ice sheets from climate sensitivity test 3,670 32

12.7.3 Buffer swelling pressure 
Buffer initial density
The saturated density of the buffer according to the reference design is 1,950–2,050 kg/m3. The initial 
diameter of the deposition hole cannot reasonably be smaller than the reference value of 1.75 m since 
this is determined by the diameter of the boring machine. Furthermore, the diameter of the hole will 
be inspected before being accepted for deposition, as further described in the Underground openings 
construction report.

The upper reference density limit of 2,050 kg/m3 results in around 13 MPa swelling pressure for 
MX-80 and Ibeco RWC according to Figure 5-14. For the maximum allowed montmorillonite con-
tent this would yield a swelling pressure of around 15 MPa / Karnland 2010/. It is, furthermore, noted 
that a saturated clay density of 2,100 kg/m3 yields both a calculated and experimentally observed 
swelling pressure of around 21 MPa.

According to Section 5.5.3, the maximum saturated density around the canister will be 2,022 kg/m3 

if no spalling occurs (spalling will lead to a lower density). The upper density limit of 2,050 kg/m3 
is therefore seen as pessimistic. 

It is also noted that the total stress on the canister is not the sum of the bentonite swelling pressure 
and	the	hydrostatic	pressure.	According	to	/	Harrington	and	Birchall	2007/	the	total	stress	σ	can	be	
expressed as:

wpασ +Π=

where	Π	is	the	original	swelling	pressure,	pw	is	the	porewater	pressure	and	α	a	constant	of	pro-
portionality.	Experimentally,	α	has	been	found	to	be	in	the	range	of	0.86–0.92.	In	the	experiments	
by / Harrington and Birchall 2007/ with MX-80 with an original swelling pressure of ~8 MPa the 
bentonite retains a proportion of its original swelling ranging between 48 and 67% at porewater 
pressures of 46 MPa. There are indications of a reduction in the rate of decline in swelling pressure 
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as	backpressure	increases,	indicative	of	a	rise	in	α	values	at	high	water	pressures.	Linear	regression	
suggests	α	=	1	at	a	porewater	pressure	of	around	64	MPa.			

Based on the findings by / Harrington and Birchall 2007/, for a hydrostatic pressure of 34.5 MPa 
and a swelling pressure of 15 MPa, the total pressure is estimated at around 46.7 MPa (15 MPa 
+ 0.92·34.5 MPa). 

Buffer compaction
The buffer will have a higher swelling pressure than the backfill in a saturated state. No compaction 
of the buffer from the swelling of the backfill is therefore expected. However, there is a possibility 
that the backfill will saturate and develop its swelling pressure ahead of the buffer. This situation has 
not	been	directly	evaluated	in	SR-Site,	but	it	is	briefly	discussed	in	/	Börgesson	and	Hernelind	2009/,	
where it is stated that the case is not of primary interest since there will be very little compression of 
the buffer blocks and rings and the uniaxial compression strength of the blocks is in the same range 
as the fully developed swelling pressure from the backfill. 

Buffer chemical alterations and density losses
The buffer swelling pressure is determined by the buffer density and chemical composition, including 
the species of adsorbed cation. All identified chemical changes (ion exchange, osmosis and mineral 
transformation, see Section 10.3.10) of the buffer result in unaltered or decreased swelling pressure 
(possibly with the exception of a marginal effect for high density Ca bentonite). It is, therefore, 
pessimistically assumed that no such changes take place. 

According to the FEP chart, the mechanisms through which buffer mass may be lost are piping, 
erosion or swelling into the deposition tunnel. It is pessimistically assumed that no buffer mass is 
lost over time due to these processes. 

Conceptual uncertainties 
No process has been identified that could increase the swelling of the buffer to a higher value than 
the original starting value. The pressure is expected to be as specified above or lower for all possible 
conditions.

Convergence of deposition holes
A possible issue is the convergence of deposition holes. No residual uncertainty has been identified 
that would challenge the conclusion from the reference evolution, namely that convergence effects 
are negligible, see Section 10.3.5.

12.7.4 Canister strength 
As mentioned in Section 5.4.3, extensive analyses of the canister’s ability to withstand isostatic load 
have been undertaken as part of the canister design analysis / Raiko et al. 2010/. These analyses are 
focussed on demonstrating that the canister can withstand the design load of 45 MPa. It is demon-
strated that this is achieved with considerable margin, both as regards avoidance of local plastic 
collapse of the insert due to variation in material properties and allowed defect sizes in relation to 
expected and detectable defects. It is likely that with these local properties of the insert and canister 
can be demonstrated to withstand considerably higher loads, but the limit has not been quantified. 
It has also been demonstrated that the insert can be manufactured with a fully sufficient accuracy 
regarding its critical dimensions relating to isostatic loads.

Also, the global collapse load for the cylindrical part of a canister (without defects) has been calcu-
lated to 99 MPa and 128 MPa for BWR and PWR inserts, respectively / Raiko et al. 2010/. Results 
from pressure tests of real canisters show that the collapse load for the canister is approximately 
100 MPa or higher / Raiko et al. 2010/.
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Hence, the following conclusions are drawn.

•	 Total collapse, i.e. the criterion for canister failure, of the insert is not expected to occur below 
at least 90 MPa according to both model calculations and laboratory tests. 

•	 Local collapse is excluded for loads up to 45 MPa with a considerable margin. 

12.7.5 Combined assessment
According to Section 12.7.3, a maximum swelling pressure of 15 MPa could occur in the buffer.

The groundwater pressure is around 4.5 MPa at Forsmark for ice-free conditions. According to 
Section 12.7.2, an additional ground water pressure of at most 30 MPa could occur as a result of 
a maximum glacial load supported by geological evidence.

This would give a maximum feasible isostatic load on the canister of 49.5 MPa at Forsmark if the 
hydrostatic	and	swelling	pressures	are	added.	However,	applying	an	α-value	of	0.92	in	the	addition	
as suggested in Section 12.7.3 results in a total pressure of around 46.5 MPa. 

According to Section 12.7.4, local collapse is avoided with substantial margin for 45 MPa, suggesting 
that local collapse would be avoided also at 49.5 MPa. The margin to total collapse (90 MPa), i.e. the 
criterion for canister failure, is considerable. 

Overall, the following conclusions can be drawn.

•	 Total	collapse	is	the	relevant	failure	criterion	since	only	this	type	of	failure	will	lead	to	the	release	
of radionuclides from the canister. 

•	 There	is	ample	margin	to	prevent	canister	failure	due	to	isostatic	load,	even	for	the	most	extreme	
load situations.

Different event sequences
There are no different event sequences to consider in the discussion of this scenario, since pessimistic 
assumptions are made and maximum effects are sought for all involved factors. During the one million 
year assessment time, the canister will be subjected to some eight glaciations leading to repeated load 
cycles. The number of events is, however, far too low to have any fatigue effect on the mechanical 
stability of the cast iron insert.

Combination of isostatic load and shear movement 
See the shear load scenario, Section 12.8.2, where it is concluded that the combined case can be 
excluded from consideration.

Global warming variant and other climate cases
The occurrence of high groundwater pressures is directly related to glacial conditions. The delay of 
glacial conditions expected for the global warming variant would thus be beneficial for repository 
safety in this respect. The issue is therefore not further treated for the global warming variant.

Since the maximum ice sheet configuration climate case (see Section 12.1.3) has been used in the 
above analysis and since that case was defined to maximise the isostatic load on the canister, no 
additional climate cases need to be considered.

Categorisation as “less probable” or “residual” scenario 
Based on the above assessment, this scenario, i.e. a canister failure due to isostatic load, is considered 
as “residual”, meaning that its consequences are excluded from the risk summation. 

The consequences in terms of radionuclide transport and annual effective dose of a postulated 
isostatic collapse are addressed in Section 13.7.1.
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12.8 Canister failure due to shear load 
12.8.1 Introduction
Safety function indicator(s) considered 
This scenario primarily concerns the safety function relating to shear loads on the canister. If the 
shear load on the canister is too large, the canister is assumed to lose its containment capacity (safety 
function Can3). 

Safety function indicators and criteria relevant to the evaluation of this failure mode are i) the 
requirement that shearing across the deposition hole should be less than 0.05 m (R3b) and ii) that the 
saturated buffer density must not exceed 2,050 kg/m3 for the R3b criterion to be applicable (Buff 3). 

This safety function is directly related to containment, as the containment is assumed to be breached 
if the safety function indicator criterion R3b is violated. Should this occur, also the retarding capacity 
of the system is affected, since the rock shear event is assumed to affect the retarding properties of 
the buffer and the rock negatively.

Treatment of failure due to shear load in the reference evolution
The possibility of canister failure due to shear load is of low probability and is, therefore, excluded 
from the reference evolution, see Section 12.1.2. This is motivated by the results of the analysis of 
the reference evolution reported in Section 10.4.5. 

The analysis below evaluates whether all uncertainties were appropriately considered in the reference 
evolution and also provides an upper bound on the likelihood for canister failures due to shear load.

This upper bound is related to the result of the pessimistically derived frequency of canister failures 
due to shear loads in Section 10.4.5 and illustrated in Figure 10-124.

Qualitative description of routes to failure due to shear load 
The evolution in this scenario is assumed to be identical to that of the base case of the reference 
evolution, except for factors related to collapse of the canister due to shear load.

As indicated in the FEP chart, the ability of the cast iron insert to withstand shear loads is determined 
by the canister design and by the quality of the production and NDT (non-destructive testing). The 
shear stress on the canister is determined by the nature of the slip along the fracture intersecting the 
deposition hole and the way in which this shear load is propagated through the buffer. The buffer 
density affects this propagation, meaning that the initial buffer density must be evaluated. The shear 
load is determined by the likelihood that the deposition hole is intersected by a fracture of a particu-
lar size, which, in turn, depends on the properties of the fracture network within the host rock and 
the likelihood with which unsuitable fractures can be detected and avoided in deposition holes.

Also the likelihood that earthquakes of a sufficient magnitude will occur during the assessment 
period needs to be evaluated.

The following factors of importance for possible occurrence of a canister failure due to shear load 
are identified, based on the discussion above, on Table 10-27 describing uncertainties identified in 
the reference evolution and on the FEP chart, Figure 8-4.

Initial state factors involved
•	 Insert	strength	and	the	occurrence	of	defects	(casting	quality).
•	 Copper	shell	mechanical	properties.
•	 Buffer	density.
•	 Buffer	material	properties.
•	 Fracture	network	properties.
•	 Efficiency	in	the	implementation	of	deposition	hole	rejection.
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Processes involved 
•	 Canister:	Deformation	of	copper	canister;	creep.

•	 Canister:	Deformation	of	cast	iron	insert.

•	 Buffer:	Swelling/mass	redistribution.

•	 Buffer	transformation.

•	 Geosphere:	Reactivation	of	fractures	as	a	consequence	of	earthquakes.

External conditions involved
•	 Earthquakes.

Propagated buffer conditions
According to Section 12.5, three different buffer conditions are propagated to the canister scenarios. 
Two of these concern advective conditions in the buffer and the third is the intact buffer. Since 
advective conditions are related to an eroded buffer which has a lowered swelling pressure than an 
intact buffer, such conditions are of less concern when canister failures due to shearing are evaluated. 
Therefore, only the intact buffer is further treated in the analysis of canister failures due to shear 
loads and it is evaluated if the intact buffer may under any circumstances have a higher density than that 
specified in the initial state. (In addition, the transformed buffer is discussed as a residual case below.)

12.8.2 Quantitative assessment of routes to canister failure by shear load
The response of the canister-buffer system to shear loads has been extensively studied within the 
canister design analysis / Raiko et al. 2010/, forming an important basis for the Canister production 
report. The aim of those studies has been to establish that the canister fulfils the design premise stating 
that the copper corrosion barrier should remain intact after a 5 cm rock shear movement at 1 m/s for 
buffer material properties of a 2,050 kg/m3 Ca-bentonite. This applies for all locations and angles 
of	the	shearing	fracture	in	the	deposition	hole,	and	for	temperatures	down	to	0°C.	The	insert	should	
maintain its pressure-bearing properties to isostatic loads after such shear movements. 

In the design analysis a number of the factors listed above are by necessity taken into account and 
evaluated. This regards the following factors related to the initial state: the strength of the insert, the 
copper shell mechanical properties, the buffer density and the buffer material properties. The design 
analysis also considers deformation of the copper canister and the cast iron insert, including creep in 
the copper. 

The overall conclusion of the design analysis is that the canister fulfils the design premise relating to 
shear load, as further discussed in Section 5.4.3. In the design analysis report, this conclusion is reached 
after discussing all relevant uncertainties of the phenomena included in the analysis, i.e. uncertainties 
in the above mentioned initial state factors and processes have been considered. These are, therefore, 
not discussed here. 

The	design	analysis	considers	material	properties	down	to	0°C	in	accordance	with	the	design	premise.	
As	demonstrated	in	the	buffer	freezing	scenario,	Section	12.3,	temperatures	below	0°C	are	ruled	
out for the Forsmark site, meaning that the results of the design analysis are valid for all relevant 
temperatures in the repository.

Consequences of alterations of the buffer are discussed in Section 10.4.5, and argued to be of no 
concern, in a stylised calculation case where a substantial part of the buffer is assumed to be cemented. 
This, in combination with the fact that buffer alteration is considered to be a residual scenario in 
Section 12.4, yields the conclusion that buffer alterations are not a concern for the shear load scenario.

In the reference evolution, Section 10.4.5, it is argued that there is a margin in the results obtained 
in the design analysis such that, in many of the shearing cases analysed, e.g. for different angles of 
intersection and points of impact, there is evidence that the canister would in fact sustain also the 
load from a 10 cm shearing. This is further strengthened by the fact that the initial state of the buffer 
resulting from an analysis of the reference procedures for buffer production and installation yields 



TR-11-01 619

an upper limit on buffer density of 2,022 kg/m3, which is lower than the design premise upper limit 
of 2,050 kg/m3. Also, the failure criterion for the canister is the acceptable defect size for surface 
defects in the insert. The copper shell is assumed to be penetrated at the same moment as this criterion 
is exceeded. The strains in the copper shell are low (with the exception of model singularities) com-
pared to copper material ductility requirements. However, uncertainties due to a copper thickness 
of slightly less than 50 mm are not evaluated.

In the following, uncertainties relating to factors associated with the geosphere are discussed.

Fracture network 
The discrete fracture network (DFN) uncertainties are treated by the use of alternative DFN models 
that together span a wide range of uncertainties (see the Data report for details). In the reference 
evolution (Section 10.4.5), all three DFN models suggested for the Forsmark site were propagated 
through all calculations, which resulted in a range (min-max) of the number of potentially damaged 
canisters. In deriving the frequency of canister failures as a function of time in Section 10.4.5, the 
maximum value of this range was chosen.

Further, for the analyses summarised in Section 10.4.5, all earthquakes were pessimistically assumed 
to occur on the deformation zone (A2) that affects the largest number of canisters. Also, as argued in 
/ Munier 2010/, the use of FPI criteria considerably lessens the impact of DFN uncertainties on the 
number of canisters intersected by potentially critical fractures. 

Efficiency in the implementation of deposition hole rejection
The number of canisters that may fail due to shear load during the assessment period depends 
on the success of detecting and avoiding large fractures in deposition holes. The EFPC deposition 
hole rejection criterion has been shown to be effective in finding critical structures and enables the 
detection	of	>	97%	of	the	critical	canister	positions	irrespective	of	DFN	model	/	Munier	2010/.	The	
remaining positions are propagated to the assessment of seismic impact (Section 10.4.5). However, 
the EFPC simulations are based on idealisations of fractures as being perfectly planar, infinitely thin 
discs for computational convenience. Most real fractures are not so anonymous and, rather, display 
many properties that can be used as proxies for size / Cosgrove et al. 2006/. It is therefore, likely, 
as argued in / Munier 2010/, that critical fractures that escaped detection in the simulations used as 
input for this assessment will indeed be detected by a carefully designed investigation programme 
/ SKB 2010b/. Hence, it is likely that the number of potentially damaged canisters will be lower than 
predicted in this assessment.

Earthquakes, in particular those of post-glacial origin 
The largest uncertainty concerns the estimated frequency of earthquakes during different time 
frames. In the reference evolution (Section 10.4.5) all relevant estimates of long-term earthquake 
frequencies were considered, thereby enabling the definition of a frequency range. This frequency 
range was then combined with the range of the number of critically positioned canisters to yield, 
eventually, a range of numbers of potentially damaged canisters.

In deriving the frequency of canister failures as a function of time in Section 10.4.5, the maximum 
value of this range was chosen.

Reactivation of fractures as a consequence of earthquakes 
Uncertainties regarding the reactivation of fractures as a consequence of earthquakes are discussed 
in the reference evolution, Section 10.4.5. Several pessimistic approaches are used when quantifying 
the reactivation of fractures and these are not repeated here. 

Combination with isostatic load 
As discussed in Section 10.4.5, the stability of fractures in the rock is increased during periods of high 
isostatic load. This is a consequence of how stresses in the upper crust are expected to develop as a 
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result of a typical future glacial cycle according to analyses of large scale ice-crust-mantle interactions 
/ Lund et al. 2009/. Accordingly, the combined effects of high isotatic pressures and shear load across 
canisters do not have to be further considered.

Cumulative effects of several earthquakes 
The induced slip on large fractures, as a response to an earthquake, might be less than the canister 
failure criterion due to the fracture’s position, orientation, local stress field and other properties. 
However, it is possible that slips along a particular fracture might accumulate to exceed the failure 
criterion as a response to repeated large earthquakes.

It is questionable if large earthquakes can be treated as independent events, which is implied by 
the above use of a time-independent, frequency based approach. In fact, large earthquakes within 
a glacial cycle are most probably dependent events such that the release of elastic energy relaxes 
the fault so that another large earthquake along the same fault is less likely. Similarly, but on another 
scale, slip relaxes the target fracture such that a repeated slip is less likely, and in particular slip of 
the same amount and orientation.

By taking strain rate into consideration, the time necessary for a fault to accumulate sufficient stress 
for a repeated earthquake was estimated in Section 10.4.5. With the assumptions made in Section 10.4.5, 
it was estimated that a maximum of 2 large seismic events can occur on the same fault within the 
assessment period of 106 years. The slip vectors on the fractures crossing the canisters were then 
pessi mitically assumed to be perfectly parallel which implicitly assumes that the same zone reactivates 
and that the earthquake mechanism (slip velocity, stress drop, shear mode, etc.) is identical. The 
positive effect of buffer restoration between the seismic events was disregarded and, further, a 
constant slip velocity (1 m/s) regardless of displacement on target fractures was assumed. Altogether, 
therefore, the cumulative effect of repeated earthquakes as treated in Section 10.4.5 is judged to 
yield an upper, pessimistic, estimate of the number of failed canisters. 

Global warming variant and other climate cases
The external conditions of relevance to the occurrence of large earthquakes have already been 
considered in the above analysis.

12.8.2 Conclusions
Categorisation as “less probable” or “residual” scenario 
Based on the above assessment, this scenario is considered as “less probable”, meaning that its 
consequences are to be included in the risk summation. 

The above analysis demonstrates that the handling of uncertainties for this scenario was exhaustive 
in the reference evolution. Therefore, probabilities of canister failures estimated in Section 10.4.5, 
Figure 10-124, are used for the consequence calculations in Section 13.6 and considered as bounding 
for the risk contribution from the shear load scenario. 

12.9 Summary and combinations of analysed scenarios 
12.9.1 Summary of results of the analyses
In summary, the following conclusions were reached when the selected scenarios were analysed, as 
described above. 

•	 Buffer	advection:	This	situation	may	occur	in	the	reference	evolution.	The	additional	analyses	in	
Section 12.2, considering conceptual uncertainties and additional interpretations of the hydraulic 
properties of the sites, suggest a range in the possible extent of buffer advection. These consequences 
were propagated to the canister corrosion scenario.

 (Regarding canister sinking to the bottom of the deposition holes, in terms of consequences, this 
is a special case of buffer advection. The additional analyses in Section 12.2.4 led to the conclu-
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sion that canister sinking, if it occurs, is preceded by advective conditions in the buffer due to 
buffer erosion. The consequences of a possible canister sinking are, therefore, covered by the 
general treatment of buffer advection.)

•	 Buffer	freezing:	Buffer	freezing	was	ruled	out	in	the	reference	evolution,	also	for	an	eroded	buffer.	
The additional analyses in Section 12.3 also led to the conclusion that freezing of an intact buffer is 
ruled out and hence should be considered as a residual scenario. This applies also to the freezing 
of water in cavities of a partially eroded buffer. The possibility of buffer freezing was, therefore, 
not propagated to the canister scenarios.

•	 Buffer	transformation:	The	analyses	of	a	high	buffer	temperature,	or	other	circumstances	leading	
to the transformation of the buffer material in Section 12.4 led to the conclusion that this should 
be considered as a residual scenario. The possibility of buffer transformation was, therefore, not 
propagated to the canister scenarios.

•	 Canister	failure	due	to	corrosion:	This	failure	mode	is	included	in	the	reference	evolution,	where	
it occurs for the case of advective transport through an eroded buffer. The additional analyses in 
Section 12.6, with input from the buffer advection scenario, Section 12.2, led to the conclusion 
that buffer advection is indeed the main potential cause of corrosion failures. Evaluating all the 
advective situations and other uncertainties related to corrosion led to a range of potential extents 
of corrosion failure. These are propagated to the analysis of consequences for the corrosion 
scenario in Section 13.5. 

•	 Canister	failure	due	to	isostatic	load:	This	failure	mode	was	ruled	out	in	the	reference	evolution	
and the analysis in Section 12.7 led to the conclusion that it should be considered as a residual 
scenario. Consequences for a hypothetical case of canister failure due to isostatic load are 
analysed in Section 13.7.1.  

•	 Canister	failure	due	to	shear	load:	This	failure	mode	was	analysed	in	the	reference	evolution,	where	
it had a low probability of occurrence even with a number of pessimistic assumptions, Section 10.4.5. 
This conclusion remains after the additional analyses in Section 12.8. The pessimistically estimated 
frequency of canister failures due to shear load is propagated to the analyses of consequences for 
the shear load scenario in Section 13.6.

12.9.2 Assessment of containment potential for the main scenario
As mentioned in Section 12.1.2, an assessment of the containment potential of the main scenario is 
postponed until after the analysis of the additional scenarios, so that the assessment can be based on 
also the evaluation of uncertainties carried out in the analysis of additional scenarios. Since only two 
of the additional scenarios lead to the conclusion that canister failures cannot be ruled out, and since 
the uncertainty span for the additional scenarios is broader than that of the main scenario, only these 
two failure modes need to be considered in the evaluation of the containment potential of the main 
scenario. 

Based on the analyses of the corrosion scenario in Section 12.6.2, the central corrosion variant is seen 
as representative for the main scenario, since it has an appreciable likelihood of occurrence given the 
cautious assumptions underpinning it and since it is compatible with the reference evolution of the 
repository.   

Regarding canister failure due to shear load in the main scenario, the probability of shear failure in 
the reference evolution is low; on average 0.078 canisters in one million years even with a number 
of pessimistic assumptions regarding earthquake probability, location of earthquakes to fracture 
zones, extent of secondary movements for a give fracture size, the selection of geological DFN 
model, assumptions on the implications of the location and angle of shearing fractures on the impact 
on the buffer/canister system, handling of multiple earthquakes, etc. Therefore, it is seen as justified 
to exclude this failure mode from the main scenario. Note, however, that this does not reduced the 
calculated risk since the shear load scenario is based on all the pessimistic assumptions mentioned 
and no reduction in probability of the shear load scenario is made for these pessimisms when it is 
propagated to the consequence calculations. 

In conclusion, the containment potential for the main scenario is assessed as equal to that of the 
central corrosion variant in Section 12.6.2.
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12.9.3 Combinations of analysed scenarios and phenomena
Combinations of the analysed scenarios need to be considered. However, it is important to note 
that several such combinations have already been addressed, since, in the methodology for scenario 
analysis adopted, the buffer scenarios were analysed first. Results of those buffer scenarios that were 
not found to be residual were then propagated to the analyses of the canister scenarios. Also gradually 
developing phenomena need to be considered.

According to the summary above, the scenario analyses in this chapter demonstrate that the only 
appreciable safety related degradations of the engineered barrier system that cannot be ruled out are 
loss of buffer due to erosion, corrosion of the copper canister when buffer erosion has proceeded 
to the stage when advective conditions have arisen and canister failure due to shear movements on 
fractures intersecting the deposition hole. In addition, the canister may be subject to considerable 
isostatic loads, although not to the extent that canister failures occur. Buffer freezing and buffer 
transformation were ruled out. 

In the following discussion of combinations, the emphasis is on combinations of physical phenomena 
rather than on combinations of the formal scenarios. To direct the discussion towards an account of 
combinations of potentially detrimental phenomena, the thermal, hydraulic, mechanical and chemical 
impacts on the buffer and on the canister are considered, in light of the results of the analyses of the 
reference evolution and the scenarios.

•	 The	thermal	impact	on	the	canister	and	the	buffer	occurs	initially	in	terms	of	elevated	temperatures	
and during permafrost conditions in terms of the lowest temperatures. As reported in Section 10.3.4, 
the safety related thermal requirements on the repository are met and no challenge to this conclu-
sion has been identified in the scenario analyses, in particular as regards buffer transformation 
(Section 12.4). As also mentioned above, buffer freezing is ruled out in the analysis of the buffer 
freezing scenario. Thermal aspects are, therefore, not further considered in the following. 

•	 Two	mechanical	phenomena	of	relevance	for	long-term	safety	have	been	identified:	canister	failure	
due to shear movements in fractures intersecting the deposition hole and canister failure due to iso-
static pressure. Furthermore, thermally induce spalling is included in the transport analyses that it 
affects. A number of additional mechanical phenomena, mainly related to the host rock are ruled 
out either in the reference evolution or in the screening in the Geosphere process report. 

•	 The	hydraulic	impact	on	the	buffer	and	the	canister	is	indirect	as	part	of	the	buffer	erosion	and	
canister corrosion processes, that are considered in the following. Groundwater transport of 
solvents could also contribute to the deterioration of the buffer, but this process was considered 
negligible in the analysis of the buffer transformation scenario. 

•	 Also	the	chemical	impact	on	the	buffer	and	the	canister	is	included	as	part	of	the	buffer	erosion	
and canister corrosion processes, that are considered in the following.

Phenomena that have been excluded in the Process reports, the reference evolution or the scenario 
analyses are hence not further considered here, but their exclusion is further justified in Section 14.4 
where it is verified that FEPs omitted in earlier parts of the assessment are of negligible significance 
in the light of the completed scenario and risk analysis.

The analyses of the reference evolution and the scenarios hence leave the following processes or 
phenomena of which combinations need to be considered:

•	 loss	of	buffer	due	to	erosion,

•	 corrosion	of	the	copper	canister	when	buffer	erosion	has	proceeded	to	the	stage	that	advective	
conditions have arisen, 

•	 canister	failure	due	to	shear	movements	in	fractures	intersecting	the	deposition	hole,

•	 isostatic	loads	on	the	canister.

Loss of buffer due to erosion and canister corrosion during advective conditions are already combined 
in the corrosion scenario and are therefore treated together in the following, leaving three phenomena 
for which to consider combinations and gradual developments. 
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Buffer erosion and canister corrosion in combination with shear movement
Impact of erosion on effects of shear movements: If the buffer is eroded, then the likelihood of failures 
due to shear movements is significantly reduced due to the reduced buffer stiffness, in particular near 
a potentially shearing fracture. This combination is thus favourable for safety and it is pessimistic to 
neglect it.

Impact of erosion on radiological consequences of a shear movement failure: Failure due to a shear 
movement in a deposition hole with an intact buffer that is subsequently eroded is addressed in the 
consequence analyses of the shear scenario, see Section 13.6. The likelihoods of these two phenomena 
are not independent since both are positively correlated to fracture size. 

Impact of corrosion on canister response to shear movement: It needs to be considered whether a 
partly corroded canister is more sensitive to shear movements. It is first noted that it is the canister 
insert that is the load bearing component and that the insert is unaffected by copper corrosion. Further-
more, an intact copper shell sustains a 5 cm shear movement with a large margin. Corrosion has been 
demonstrated to reduce the copper shell by at most a few mm for an intact buffer, and, considering 
the large margins for an intact 50 mm canister, it is unreasonable that such a corrosion depth should 
jeopardise that integrity of the copper shell in case of a shear movement. Appreciable corrosion could 
occur if the buffer is eroded. However, erosion of the buffer is favourable as regards the mechanical 
impact of shear movements on the canister, see above. Therefore, the possible increased sensitivity 
of a corroded canister to shear movements is counteracted by the fact that the stresses are reduced, 
particularly in the corroded area where the buffer is lost. It is noted that the shear analyses are per-
formed for 50 mm copper since the resulting copper thickness after production had not been finally 
assessed when this analysis was carried out, whereas the corrosion analyses for advective conditions 
uses a copper coverage of 47 mm; this is considered to be a negligible difference.

Impact of corrosion on radiological consequences of a shear movement failure: Since a canister 
having experienced a shear movement failure is not assigned any transport resistance for radionuclides, 
corrosion will, in the analysis, not have a negative impact on the consequences of a shear movement 
failure.

Impact of shear movements on buffer erosion: Shear movements that do not lead to failure are less 
than 5 cm in extent, since the canister is designed to resist 5 cm movements. Such minor movements  
give a limited impact on buffer thickness and thus also on the time required to reach advective conditions 
according to the sensitivity analyses in Section 12.2.2. A shear movement may also lead to an enhanced 
flow in the shearing fracture. However, the mean number of deposition holes that are calculated to 
experience 5 cm shear movements or larger during the one million year assessment period is around 
0.08, whereas at least several tens of holes are calculated to experience severe erosion during one 
million years with the assumptions in SR-Site, see Figure 12-3. Therefore, even if much smaller shear 
movements were considered to lead to enhanced flow, the overall impact on the extent of buffer 
erosion in the repository would be small.

Impact of shear movements on corrosion: Shear movements will induce stresses in the copper shell, 
even if the movement does not cause canister failure. For stresses to have an impact on corrosion (by 
stress corrosion cracking), high concentrations of detrimental anions are needed (as well as oxidising 
conditions). Such conditions are not expected in the repository environment (Section 10.2.5) and 
there is no reason that a shear movement would induce such an environment.

Buffer erosion and canister corrosion in combination with isostatic load
Impact of erosion on isostatic load: Erosion of the buffer leads to a lowered isostatic load on the 
canister. This combination is thus favourable for safety and it is pessimistic to neglect it. 

Impact of corrosion on resilience to isostatic load: A partially corroded canister surface does not 
influence the canister’s resilience to isostatic loads negatively since it is the insert that bears the load.

Impact of isostatic load on erosion and corrosion: There is no reason to assume that an increased 
isostatic load has a negative impact on the buffer erosion and the canister corrosion processes, other 
than it is in some situations associated with an increased groundwater flow. This latter phenomenon 
is included in the analyses of buffer erosion and canister corrosion scenarios.
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Shear movement in combination with isostatic load
Impact of isostatic load on shear movement: As concluded in Section 10.4.5, subsection ‘Combined 
isostatic and shear loads’, an isostatic load during a shear displacement does not yield a more severe 
impact on the canister than the corresponding case without isostatic load. It was also concluded that, 
since large earthquakes will not occur in connection with high isostatic loads, this case is unrealistic.

Impact of shear movement on resilience to isostatic load: Also as concluded in Section 10.4.5, subsection 
‘Combined isostatic and shear loads’ the canister is expected to maintain its resilience to isostatic loads 
after experiencing a 5 cm shear movement, in accordance with the design premises for the canister.

Gradually developing phenomena
Erosion and corrosion are by their nature gradually developing phenomena and have been analysed 
as such. However, corrosion is considered in detail for an intact buffer or for a missing buffer. There-
fore, also corrosion for an eroding buffer needs to be considered, see below. Shear movements occur 
as discrete events. However, the accumulated effect of several minor shear movements can be seen as 
a gradually developing load on the canister. This is already addressed in the analyses of shear move-
ments, see Section 10.4.5, subsection ‘Cases of shear load to consider’. Isostatic loads develop gradu-
ally as the buffer swells and, in particular, as ice sheets develop resulting in increased groundwater 
pressures. These developments are, however, slow and it is the peak loads that need to be considered, 
as is done in the analyses already reported. There is, therefore, no need to further address gradual 
developments of isostatic load.

Corrosion for an eroding buffer: Corrosion for an eroding buffer is pessimistically bounded by the 
case where the buffer is assumed to be lost initially. The consequences in terms of corrosion are not 
vastly different from the case where the buffer erodes according to the adopted erosion model. Both 
cases are propagated to the consequence analysis for the corrosion scenario in Section 13.5. 

Completeness of the scenarios
Combinations of scenarios and phenomena are an important aspect of the discussion of scenario 
completeness. This discussion is provided as part of the conclusions of the safety assessment, see 
Section 15.3.6.

Conclusion
The above account demonstrates that relevant combinations and gradual developments of phenomena 
either have been addressed in earlier parts of the assessment and in some cases propagated to conse-
quence calculations, or can, with relatively simple complementary arguments, be shown to not give 
rise to additional cases for further consideration. The only exception concerns a case where a shear 
failure is followed by buffer erosion. This case was also propagated to consequence calculations.
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13 Analysis of retardation potential for the 
selected scenarios

Figure 13-1. The SR-Site methodology in eleven steps (Section 2.5), with the present step highlighted. 
This chapter deals with the analysis of the retardation potential of the repository.
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13.1 Introduction 
This chapter describes analyses of radionuclide release, transport and dose impacts for the scenarios 
selected in Chapter 11 and for which the containment potential was analysed in Chapter 12. In terms 
of safety functions, this chapter contains analyses of the repository’s retardation potential.

Two issues related to radionuclide transport and dose calculations that can to a large degree be 
treated independent of the scenario or the nature of the failure mode of the canister are addressed 
first in this chapter: 

•	 The	modelling	of	radionuclide	transport	and	dose	estimation	in	the	biosphere	is	described	in	
some detail in Section 13.2. 

•	 The	issue	of	potential	criticality	for	a	failed	canister	is	treated	in	Section	13.3.	

The models used for radionuclide transport in the water phase for the near field and the geosphere 
are then described in Section 13.4. 

The analyses of the two scenarios based on safety functions for which canister failures could not be 
excluded, i.e. the scenarios ‘canister failure due to corrosion’ and ‘canister failure due to shear load’ 
are described in Sections 13.5 and 13.6, respectively. In the following, these two scenarios are often 
referred to as the corrosion scenario and the shear load scenario, respectively, for simplicity.

Canister failures in the main scenario occur according to the central corrosion variant of the corro-
sion scenario and are thus covered by the analysis of this particular variant in Section 13.5.
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Analyses of hypothetical, residual scenarios to illustrate barrier functions are presented in Section 13.7. 
This section also includes the scenario ‘canister failure due to isostatic load’. Radionuclide transport 
in the gas phase is analysed in Section 13.8, common to all scenarios where it can occur. 

Finally, a risk summation is provided in Section 13.9.

All modelling and modelling results for the near field and the far field are discussed in more detail 
in the SR-Site Radionuclide transport report. Details of the biosphere modelling are found in 
references given in Section 13.2.

13.2 Biosphere assessments and derivation of landscape dose 
conversion factors for a glacial cycle

The Swedish regulations state that human health and the environment must be protected from harm-
ful effects of ionising radiation both during operation of the repository and in the future (see Section 1.4). 
More specifically, harm to humans should be assessed as the mean annual risk over a lifetime to a 
representative individual of the most exposed group (see Section 2.6.2 for details). For this assessment, 
the annual effective doses to future inhabitants of the Forsmark area per unit constant release rate 
or per unit released in a single pulse to potential release areas (biosphere objects) are calculated 
for each radionuclide. These doses are referred to as Landscape dose conversion factors (LDFs). 
Multiplying the maximum LDFs over all biosphere objects and time points with modelled radionuclide 
release rates from the geosphere under different release scenarios, results in estimates of the annual 
doses used to assess compliance with the regulatory risk criterion. The results from such calculations 
are reported for a number of release scenarios later in this chapter (Sections 13.5–13.8). For the assess-
ment of the effects on the environment, the whole-body absorbed dose rates to individual organisms 
are calculated and compared to a no-effect dose rate. If harmful effects at the level of the individual 
organisms can be excluded, then this also ensures the sustainability of populations and of ecosystem 
functions. 

Over the time scales of relevance for the safety assessment, the biosphere will undergo considerable 
changes, in particular due to the long-term climatic variation involving glacial cycles and the associ-
ated displacements of the shoreline (see Chapter 10). As the site emerges from the sea, the potential 
activity concentrations in surface water are expected to increase and radionuclides which may have 
accumulated in the regolith can enter into the terrestrial food web in existing or wetlands converted 
to agriculture. Thus, the potentially highest exposure of humans and other organisms to radionuclides 
from the repository is expected when at least parts of the site have emerged from the sea. However, 
at what stage in the ecosystem succession, and in what part of the landscape a specific radionuclide 
will cause maximum exposure will vary due to the properties of the specific radionuclide and of the 
potential release location.

In the following sections, the approach, methods and main results from the biosphere assessment are 
presented. A comprehensive account of the biosphere assessment can be found in the Biosphere syn-
thesis report, and the details of this work are presented in a number of technical reports referenced 
therein (see Figure 13-3). In Section 13.2.1, the approaches and central concepts for the biosphere 
assessment are presented. The methods to identify and delimit biosphere objects are described in 
Section 13.2.2. This section also gives an account of how the biosphere objects are connected to each 
other and how the Landscape development model is used to describe the development of the biosphere 
objects during a reference glacial cycle, with emphasis on the first interglacial period. Details of the 
work concerning biosphere objects and the Landscape Development Model are presented in / Lindborg 
2010/. Section 13.2.3 gives an overview of the Radionuclide model for the biosphere, presented in 
detail in / Andersson 2010/, and presents the methods for calculation of Landscape dose conversion 
factors (LDF values). In Section 13.2.4, the resulting LDF values for a full glacial cycle are presented. 
Section 13.2.5 gives an overview of methods for estimation of doses to non-human biota / Torudd 
et al. 2010/ and in Section 13.2.6 the uncertainties in the risk estimates are discussed.
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13.2.1 Approaches and central concepts in the biosphere assessments
The main objectives of the biosphere assessments in the SR-Site project are to produce values of 
the landscape dose conversion factors that allow translation of a potential release from a geological 
repository to the exposure of humans inhabiting the Forsmark site in the future, and to assess the 
exposure of other organisms in the area. The landscape dose conversion factors are used in the safety 
assessment for obtaining estimates of doses to humans, which, in turn, are used in demonstrating 
compliance with the regulatory criteria. 

To accomplish this, areas with potential discharge of deep groundwater from the repository, here 
called biosphere objects, have been identified at the site, and the long-term development of these 
areas has been modelled. A biosphere object is defined as an area of the landscape that potentially 
may receive radionuclides released from a future repository, either through discharge of deep 
groundwater or by contaminated surface water, at any time during a glacial cycle. In SR-Site, the 
biosphere at Forsmark is represented by a set of interconnected biosphere objects (see the Biosphere 
synthesis report for an overview and / Lindborg 2010/ for details). 

The transport and accumulation of radionuclides in the biosphere objects throughout a full glacial 
cycle has then been described with the radionuclide model for the biosphere. The biological uptakes 
by various organisms, some of which are potential food sources for humans, have been calculated 
from activity concentrations in the environment (air, soil, water and food). Finally, assumptions 
on land use and human habits have been used in combination with activity concentrations in the 
environment, to calculate landscape dose conversion factors for future human inhabitants. The activity 
concentrations have also been used to assess the potential future exposure of other organisms at the site. 

Figure 13-2. The hierarchy of biosphere reports (grey) and their dependencies of information from other 
reports within SR-Site project. Arrows indicate major interactions during project workflow, but most reports 
rely to some extent on information from all other reports, and the production of the information has been an 
iterative process. See the Biosphere synthesis report for a short description of the contents of each report.
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Assessment philosophy
The assessment philosophy has been to make estimations of the radiological risk for humans and 
the environment as realistic as possible, based on the knowledge of present-day conditions and of 
the past and expected future development of the Forsmark site. This has been relatively straightfor-
ward for the current situation when knowledge of the site is good and uncertainty is relatively low, 
for instance in the representation of well-investigated biosphere processes and properties that can 
be observed at the site today (see Section 4.10). However, it is much more difficult to determine the 
level of realism in assumptions related to future scenarios, human habits and biosphere properties. 
In these cases, the uncertainties are larger and therefore it is inevitable that some cautious assump-
tions have to be introduced in the assessments.

The landscape dose conversion factors obtained from the biosphere assessment are best estimates 
for the most exposed group from deterministic simulations. These deterministic simulations are the 
combined results of process understanding, the most precise description of the site available, and 
relevant assumptions on the habits of future human inhabitants. In addition, the effects of parameter 
uncertainties, assumptions and conceptual uncertainties on the estimated LDFs have been addressed 
through probabilistic simulations, alternative models and informed assumptions. This approach 
is consistent with recommendations from the ICRP / ICRP 2007/ and with the guidelines from the 
Swedish authority / SSM 2008b/.

To be able to provide the calculation chain (presented in Section 13.4) with an a priori dose conver-
sion factor, the LDF was calculated for a release rate of 1 Bq/y, i.e. it represents a unit release dose. 
Because there is no temporal or spatial resolution when this factor is applied, the LDF used in the 
assessment was cautiously chosen as the maximum value over all times and biosphere objects. This 
maximum LDF is then used to calculate the dose (see Figure 13-3). Thus, this LDF contains no  

Figure 13-3. Major dependencies and spatial/temporal dimensions of models used in the biosphere 
assessment (grey). Climate scenarios and discharge points provide information, in temporal and spatial 
terms (but no radionuclide-specific information), that is used in the Landscape development model. The 
Radionuclide model provides temporally and spatially resolved radionuclide information. The maximum 
unit release dose (LDF) over all objects and time steps is a factor with no temporal or spatial dimension, 
used in the SR-Site calculation chain (see Section 13.4) to calculate doses to humans by multiplication with 
the source term (which has a temporal, but no spatial dimension). For doses to non-human biota (NHB), 
the source is directly used in the calculations of effects.

Climate
Spatial and temporal
No radionuclide info

Discharge points
Spatial and temporal
No radionuclide info

Source
Temporal but no spatial

Radionuclide info

Dose
Temporal but no spatial

Radionuclide info

Dose to NHB
No spatial or temporal
No radionuclide info

Maximum LDF
No spatial or temporal

Radionuclide info

Biosphere object

Radionuclide model
Dynamics and
postprocessing

Spatial and temporal
Radionuclide info

Landscape development
model

Spatial and temporal
No radionuclide info

Site data
Spatial and partially temporal

Radionuclide info
Understanding

Previous assessments
Understanding and

methodology



TR-11-01 629

Figure 13-4. Discharge points from the particle tracking simulations (see Section 4.2 in / Joyce et al. 
2010/) at three different times. The discharge points are displayed on maps of the Forsmark landscape at 
corresponding times, predicted from the Landscape Development Model, see / Lindborg 2010/.
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spatial or temporal resolution and is certainly an overestimate. For detailed analysis or interpretations, 
including e.g. analysis of time varying releases due to transient hydrogeological conditions, the 
temporal and spatial dimensions of the surface systems should be considered (see further discussion 
in the Biosphere synthesis report).

13.2.2 Location and temporal development of biosphere objects
The identification of biosphere objects in the Forsmark area is based on the modelling of flow 
paths from the repository to the ground surface (Figure 13-4, see further Section 4.2 in / Joyce et al. 
2010/). To locate potential discharge areas, the end position of flow paths from the particle tracking 
simulations were related to present and future features of the Forsmark landscape, such as lakes and 
shallow parts of the sea floor. According to / Joyce et al. 2010/, the discharge pattern is determined 
mainly by the local topography and deterministic deformation zones, and the pattern does not vary 
significantly among model realisations. With few exceptions, the discharge points cluster together 
in space and time into a limited number of areas. For the identification of discharge areas, it was 
assumed that the location of these clusters indicate areas likely to be affected by discharge of deep 
groundwater from the repository.

The locations of discharge points in the Forsmark landscape show that: 1) deep groundwater from 
the repository is primarily attracted to low points in the landscape, e.g. shallow parts of the sea, 
along the shoreline, and in lakes, streams and wetlands, 2) discharge areas covered by the sea tend 
to be relatively large, whereas discharge areas above sea level are narrower and primarily located 
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in lake basins (which may be open or infilled), 3) discharge areas are located in a limited number 
of basins in the Forsmark landscape (Figure 13-5, see further the Biosphere synthesis report and 
Chapter 5 in / Lindborg 2010/).

The long-term development of the site is determined mainly by climate variations, both directly and 
indirectly through the resulting shoreline displacement (Section 10.3.3, see also the Biosphere syn-
thesis report). The shoreline displacement affects the size and position of potential discharge areas 
in two important ways. First, the size of a discharge area that receives groundwater from the reposi-
tory over extended periods of time (e.g. areas situated above the repository) decreases substantially 
when the area emerges from the sea. Secondly, changes in the hydrological forces due to the moving 
shoreline directly affects the discharge of deep groundwater; the discharge in terrestrial areas will 
cease with time, whereas new discharge areas will appear in the emerging landscape and in shallow 
parts of the sea along the new coastline (Figure 13-4, for more details see Chapter 5 in / Lindborg 2010/).

Thus, clusters of discharge points were used to identify the location of biosphere objects in the Forsmark 
area. During the submerged phase, the outer boundary of each biosphere object was determined from 
the future sub-catchments (called basins), whereas the shoreline of the lake at time for isolation from 
the sea delineates the biosphere object during the lake and terrestrial phases. Key geometrical charac-
teristics of the objects were determined from the local (i.e. sea or lake basin) topography, whereas the 
regional geometry defined landscape characteristics, like hydrological links between biosphere objects 
and sizes of catchment areas. In total, 17 biosphere objects were identified (Figure 13-5). Most of these 
objects contain a discharge area during some period of the Holocene interglacial, but some additional 
biosphere objects located downstream of the discharge areas were also identified (see discussion in the 
Biosphere synthesis report, for details see / Lindborg 2010/). 

Figure 13-5. The location and hydrological connections of biosphere objects in the SR-Site assessment, 
displayed on a map of the Forsmark landscape at 5000 AD.
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The main features of the landscape relief in the Forsmark area, like the locations of higher and lower 
altitude areas, are determined mainly by the bedrock topography. The small-scale undulations of the 
bedrock surface are smoothed by glacial and post-glacial deposits, which, to a limited extent, are 
redistributed by wave erosion when the shoreline moves over the area (see Section 10.3.3). Since 
the bedrock topography is expected to be marginally affected by weathering, and since the shoreline 
displacement is expected to be repeated during future glacial cycles, it is argued that the landscape 
development during the present ice-free period will give an acceptable representation also of the 
landscape development during future ice-free periods of repeated glacial cycles / Lindborg 2010/.

Since each biosphere object is associated with the local topography of a sea/lake basin, the physical 
boundaries of the object reflects the geometry of the bedrock and the overlying till and glacial sedi-
ments, which changes marginally during the modelled non-glacial period. In contrast, the properties 
of the biosphere objects change continuously, e.g. due to shoreline displacement, wave erosion and 
sedimentation, lake infilling and ecosystem succession (see Section 10.3.3). 

As a combined effect of the ongoing shoreline displacement, redistribution of marine sediments, 
infilling of lakes, and climate variations, the landscape properties and features will change continu-
ously in at least partly predictable ways. By combining information from the contemporary Digital 
elevation model	/	Strömgren	and	Brydsten	2008/	with	the	envisaged	shoreline	displacement	accord-
ing to the Climate report, output from the Coupled regolith-lake development model / Brydsten and 
Strömgren	2010/	(see	also	Section	10.3.3)	and	biotic	information	from	the	ecosystem	modelling	 
/Andersson	2010,	Aquilonius	2010,	Löfgren	2010/,	a	Landscape development model that describes 
the long-term development of the site at the landscape level has been developed. The Landscape 
development model produces a description over time in spatial detail (20·20 m) of landscape proper-
ties and features, including topography, location of the shoreline, regolith depth, areas and depths 
of present and future lakes and sea basins, stream network, and vegetation and potential land use. 
This description is used to extract time-dependent properties of the biosphere objects that are input 
parameters to the radionuclide model for the biosphere (see next section).

For the quantitative modelling of transport and accumulation of radionuclides in the biosphere 
(Section 13.2.3), it is assumed that the landscape development during repeated glacial cycles will 
be similar to that of the present cycle / Lindborg 2010/. Future sea and lake ecosystems are assumed 
to have similar characteristics to the aquatic ecosystems existing at the site today. The wetlands that 
will develop around future lakes are assumed to be similar to the rich fens presently found in the 
area. If drained, these wetlands will provide an organic soil rich in nutrients that may be suitable 
for cultivation, at least for a limited period.

13.2.3 The Radionuclide model for the biosphere
The radionuclide model for the biosphere can handle different types of sources and properties of 
radionuclides. However, the model has been designed for a constant release rate of radionuclides, 
under which steady-state conditions are likely to be approached within the time frames of the assess-
ment, and parameter values have been assigned accordingly. This simplifying approach is possible 
since the releases from the fuel matrix and corroded metals in the repository are in most cases 
approximately constant on the time scale of the biosphere assessment (i.e. 20,000–70,000 years), 
as demonstrated in later sections of this chapter. To assess the potential doses to humans for release 
scenarios with approximately constant release rates, the radionuclide model was used to calculate 
LDFs (see below). In addition, a modified version of the LDF, which can be applied to releases 
reaching the biosphere in a single pulse, was calculated. 

The radionuclide model was also used to illustrate the consequences of a number of hypothetical 
release scenarios where losses of barrier functions of the repository are assumed already at deposi-
tion (see Section 13.7.3). For these simulations, which are described in more detail in / Avila et al. 
2010/, two approaches were taken. 

1. Releases were multiplied by the LDFs obtained with a constant release rate distributed to the 
biosphere objects in accordance with the time dependent distribution of release points over an 
interglacial. This is more appropriate than the use of the basic LDFs for these release scenarios, 
since they concern situations where all deposition positions are affected by a hypothetical barrier 
loss and hence cause releases.
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2. Since these situations lead to transient releases that vary significantly over an interglacial, time-
dependent dose modelling in the biosphere was also carried out. Here, the time dependent far-
field release was used as input data to the radionuclide model to calculate annual effective dose 
to a representative member of the most exposed group. Also here, the release was distributed over 
all biosphere objects in accordance with the density of discharge points in the landscape.

In addition, dose consequences of releases from rare, early canister failures due to earthquakes, i.e. 
early failures in the shear load scenario, Section 13.6.2, are handled with time-dependent modelling 
as in case 2 above. However, here the entire release was input to each landscape object in order to 
capture the landscape object in which the highest consequences would arise due to release from a 
single canister. 

Radionuclides released from the repository are in the radionuclide model assumed to be transported 
with groundwater to the deeper parts of the regolith in a biosphere object. Additionally, it is assumed 
that the released radionuclides also reach a hypothetical well drilled into the bedrock, as soon as a 
biosphere object has emerged from the sea. The activity concentration in well water (Bq/m3) was 
calculated by dividing the release rate (Bq/y) by the well capacity (m3/y). The capacity of the well 
was selected to represent drilled wells in the central part of the site investigation area, where they 
would have the possibility to receive released radionuclides from the repository / Avila et al. 2010/.

Modelling radionuclide transport and accumulation in biosphere objects 
The radionuclide model for the biosphere is a compartment model, where system components that 
are considered internally homogeneous in their properties are represented by distinct compartments. 
A graphical representation of the conceptual model is shown in Figure 13-6, where each box corre-
sponds to a model compartment. Definitions of the model compartments are presented in Table 13-1. 

The arrows in Figure 13-6 represent radionuclide fluxes between compartments and fluxes into 
and out of the system. Radionuclide fluxes are linked to the movement of matter in the biosphere, 
i.e. water flow, particle transport and gas emanation and transport. Radionuclide transfer mediated 
by biota, like uptake and release by primary producers, has also been represented. The arrow 
reaching the lower regolith compartment represents radionuclide releases from the geosphere into 
the biosphere objects. These releases are directed to the deeper parts of the regolith, which at the 
site normally consists of glacial till deposited on the bedrock (see Section 4.10.2 and the Biosphere 
synthesis report). 

Radionuclides released to the lower regolith compartment are distributed to the upper layers of the 
ecosystems by advection and diffusion. The representation of the waterborne transport of radionu-
clides between compartments is based on detailed hydrological modelling with MIKE-SHE / Bosson 
et al. 2010/. The effect of radionuclide sorption on the advective and diffusive transport is taken 
into account by assuming equilibrium between the porewater and the solid phase of the different 
compartments. The model also considers the transport of radionuclides absorbed to suspended par-
ticles, driven by surface water fluxes, sedimentation and resuspension processes (see the Biosphere 
synthesis report and / Avila et al. 2010/). 

The radionuclide transport mediated by biota is, for both terrestrial and aquatic ecosystems, described 
in the model through fluxes driven by net primary production. It is assumed that equilibrium is 
established between the activity concentrations of radionuclides in the newly produced biomass 
and in the corresponding environmental media (upper regolith for terrestrial and water for aquatic 
ecosystems). Losses from the upper regolith and surface waters via degassing processes are pessi-
mistically neglected for all radionuclides, except for C-14 for which this process has been explicitly 
considered since uptake from air through photosynthesis is the dominant pathway for incorporation 
into terrestrial primary producers (see the Biosphere synthesis report and / Andersson 2010/).
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Table 13-1. Compartments in the radionuclide model for the biosphere used in the conceptual 
approach adopted Figure 13-6 (for further description see / Andersson 2010/).

Model name Description

Regolith Low The lower part of the regolith overlying the bedrock, primarily composed of till. It is common to 
the terrestrial and aquatic parts and its origin is from the glaciation.

Aqu Regolith Mid The middle part of the regolith in the aquatic part of biosphere objects, usually consisting of 
glacial and postglacial clays, gyttja and finer sediments which originate mainly from the period 
after the retreat of the glacial ice sheet, or from later resuspended matter mixed with organic 
sediments.

Aqu Regolith Up The part of the aquatic regolith with highest biological activity, comprising c. 5–10 cm of the 
upper aquatic sediments where resuspension and bioturbation can maintain an oxidising 
environment. 

Ter Regolith Mid The middle part of the terrestrial regolith, containing glacial and postglacial fine material, i.e. 
former sediments from the seabed / lake bottoms.

Ter Regolith Up The upper part of the terrestrial regolith which has the highest biological activity, like the peat 
in a mire, or the plowing layer in agricultural land.

Litter Dead plant material overlying the regolith.
Water The surface water (stream, lake, or sea water).
Aqu Primary Producers The biotic community in aquatic habitats, comprising both primary producers and consumers.
Ter Primary Producers Terrestrial primary producers.
Atmosphere The lower part of the atmosphere where released radionuclides are fully mixed. 

Figure 13-6. Conceptual illustration of the Radionuclide model for the biosphere. Boxes represent compart-
ments, thick arrows fluxes, and dotted arrows concentration computations for non-human biota (these are 
not included in the mass balance). The model represents one object which contains an aquatic (right) and a 
terrestrial part (left) with a common lower regolith and atmosphere. The source flux (1 Bq/y) is represented 
by a red arrow (1). The radionuclide transport is mediated by different major processes, indicated with 
dark blue arrows for water (2), light blue for gas (3), black for sedimentation/resuspension (4), dark brown 
for terrestrialisation (5), and green for biological uptake/decomposition (6). Import from and export to 
surrounding objects in the landscape is represented by arrows marked “exchange”. A detailed explanation 
can be found in / Andersson 2010/ and descriptions of the compartments are given in Table 13-1.
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Biosphere objects may, beside a release to the lower regolith, also receive radionuclides with surface 
water from contaminated biosphere objects located upstream or in adjacent marine bays (exchange 
arrows in Figure 13-6). In initial simulations, the radionuclide model was implemented for each 
identified biosphere object in a network according to the flux of surface water in the landscape (see 
Figure 13-5). These simulations showed that the maximum unit release dose was always found in a 
biosphere object that received a direct release from the geosphere, and that the dose resulting from 
the indirect release to the same object via an adjacent object was typically an order of magnitude 
lower / Avila et al. 2010/. As the aim of the biosphere assessment is to identify the most exposed group 
across all biosphere objects, indirect contamination was not considered in the assessment, in order to 
simplify the analysis with separate simulations for each object, see the Biosphere synthesis report.

Temporal development of biosphere objects in the radionuclide model
The radionuclide model has two parts when it is applied to a biosphere objects, one aquatic (right 
side in Figure 13-6) and one terrestrial (left side). The temporal development of an object is handled 
by varying the sizes and properties of these two parts in accordance with the simulated natural 
development of the specific biosphere object (see / Lindborg 2010/ for details). Thus, most biosphere 
objects are expected to experience four main stages:

•	 Sea	stage	–	the	biosphere	object	is	a	sea	bay	which,	as	the	landscape	emerges	from	the	sea,	is	
continuously reduced in size. During this period the object is totally dominated by the aquatic 
part, and the fluxes from the deep regolith layers are consequently directed only to the aquatic 
sediments (mid and upper regolith). 

•	 Transitional	stage	–	the	sea	bay	is	isolated	and	transforms	into	a	lake	or	a	stream	(aquatic	part),	
surrounded by wetland (terrestrial part). The isolation of a lake in the Forsmark area takes 
typically around 500 years / Lindborg 2010/ and during this period, saltwater flooding will occur 
periodically. Fluxes from the deep regolith layers are apportioned to the aquatic and the terrestrial 
parts according to their relative sizes. During the transitional stage, parameter values for the 
aquatic part are changed linearly from sea to lake values. 

•	 Lake	stage	–	the	surrounding	wetland	expands	into	the	lake,	and	the	aquatic	sediments	are	
gradually covered by a layer of peat. This process is represented by a flux of radionuclides bound 
to the regolith from the aquatic to the terrestrial regolith layers. The lake stage ends when the lake 
has been fully transformed into a wetland, intersected by a small stream.

•	 Terrestrial	stage	–	the	biosphere	object	has	reached	a	mature	state	and	no	further	natural	succes-
sion occurs. The end stage is a wetland with a small stream. If the wetland has a suitable size and 
regolith composition for agriculture / see Lindborg 2010/, it may potentially be cultivated at any 
time in the future and this agricultural use is represented in the model. 

Definition of most exposed group
The most exposed group is defined as the group of individuals that receives the highest exposure 
across all potential release areas (i.e. biosphere objects) in the landscape. A representative individual 
of the most exposed group is assumed to spend all his/her time in the contaminated area, and to get 
his/her full supply of food and water from this area.

Assumptions on human behaviour and land use
When the wetland in a biosphere object has emerged to sufficiently high elevation above the sea 
level to avoid periodic seawater flooding, it can be drained and used for agricultural purposes. 
It is assumed in the assessment that human inhabitants will drain and subsequently use wetlands 
situated 2 metres or more above sea level for crop (cereals, root crop, and vegetables) and livestock 
production (see the Biosphere synthesis report and / Avila et al. 2010/). The organic layers (peat and 
gyttja) on drained and cultivated wetlands will rapidly become oxidised and compacted, resulting in 
an agricultural soil that is a mixture of potentially contaminated organic matter and deeper mineral 
layers (glacial and postglacial deposits) where radionuclides may have accumulated since the early 
sea stage (cf. Chapter 4 in / Lindborg 2010/). 
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The production capacity of human food in a biosphere object is directly determined by the size of the 
contaminated object and the sustainable yield of natural food and agricultural products. The number of 
individuals that can be sustained in a biosphere object is thus proportional to the area of the object. 
It is assumed that all available food sources from both aquatic and terrestrial parts of a biosphere object 
are utilised by human inhabitants. Additionally, it is assumed that wetlands will at least partly be con-
verted to agricultural land when this is possible. No assumptions are made regarding food preferences 
of future individuals. Instead, the human diet is directly determined by the potential production of 
different types of food in the object. Biosphere objects that can be drained and cultivated can typically 
feed a population in the range of 100–1,000 persons, whereas biosphere objects that cannot be culti-
vated can support approximately 10 individuals during the sea stage and only one or a few individuals 
during the lake and terrestrial stages, see the Biosphere synthesis report and / Avila et al. 2010/.

Once a wetland is drained, further contamination of the soil through groundwater is assumed to not 
be of quantitative importance, and any additional contamination will reach the soil only through 
irrigation with surface water. The highest activity concentrations of radionuclides in agricultural soil 
are therefore expected in the period directly after drainage. Thus, the 50 years following immediately 
after drainage are cautiously used to assess the average annual dose from the use of contaminated 
agricultural soil during a human lifetime. The wetland is assumed to be converted to agricultural 
land at the point in time when it results in the largest annual dose (see further explanation in the 
Biosphere synthesis report). 

Future humans are assumed to acquire their drinking water by equal contributions from a well drilled 
into the bedrock, and from the surface water in the lake or stream passing through the object. Livestock 
are assumed to consume water from the same sources. Exposure from contaminated drinking water 
is considered from the point in time when a biosphere object has emerged from the sea. Exposure 
originating from irrigation with contaminated surface water is considered in the production of 
vegetables. Surface water for irrigation of agricultural soils will be readily available in all considered 
biosphere objects, and irrigation with water from a drilled well has consequently been deemed unlikely 
(see the Biosphere synthesis report and / Avila et al. 2010/).

Mathematical implementation
The radionuclide model consists of a system of ordinary differential equations, representing the rate 
of change of the radionuclide content (Bq) in a model compartment (Figure 13-6 and Table 13-1), 
as a function of the radionuclide fluxes (Bq/y) into and out from the compartment, of radioactive 
decay and of ingrowth / Andersson 2010/. The model has the same mathematical formulation for all 
biosphere objects. The differences between biosphere objects are captured by using object-specific 
parameter values describing the geometry of the biosphere objects, the depth of regolith layers, and 
the rate and timing of transitions between sea, lake and terrestrial stages.

The radionuclide fluxes are modelled in the same way for all radionuclides. Element-specific values 
describe e.g. retention (partitioning coefficients, Kd) and biological uptake (concentration ratios, CR). 
Additionally, for C-14 the uptake by biota is modelled using a specific activity approach / Avila 
and	Pröhl	2008/,	and	gas	exchange	between	the	upper	regolith/surface	water	compartments	and	the	
atmosphere has also been considered for this radionuclide.

The radionuclide model was implemented in the software package Pandora / Åstrand et al. 2005/ and 
/	Ekström	2011/.	Pandora	is	an	extension	of	the	codes	Matlab	and	Simulink.	A	brief	description	of	the	
development, functionality and features of the Pandora tool is presented in the Biosphere synthesis 
report,	and	the	tool	is	described	in	detail	in	/	Ekström	2011/.

Estimating activity concentrations 
The radionuclide model was used to dynamically model the inventories in the ten compartments 
of the biosphere object (see Figure 13-6). The activity concentrations in upper regolith, atmosphere 
and surface water were used to assess exposure to humans (see below) and to non-human biota 
(Section 13.5.7). Activity concentrations in human food (Bq/kg C) were calculated from concentra-
tions in environmental media (upper regolith and surface water), assuming equilibrium between the 
concentrations in food and in the corresponding environmental media (see the Biosphere synthesis 
report and / Avila et al. 2010/). 
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Assessment of human exposure 
The average exposure over the entire life of individuals was assessed by averaging predicted unit 
release annual doses over a period of 50 years. Adults have been shown to provide a sufficiently 
good approximation of the average lifetime exposure (see discussion in / Avila et al. 2010/). The 
contributions to human exposure from all relevant pathways were summed as outlined in / Avila and 
Bergström	2006/.	A	brief	description	of	the	assumptions	and	calculations	of	human	exposure	from	
inhalation, external exposure, and consumption of contaminated food and water can be found in the 
Biosphere synthesis report and details are presented in / Avila et al. 2010/ and / Nordén et al. 2010/. 

Landscape dose conversion factors 
Potential doses to humans were assessed by multiplying release rates of different radionuclides 
to the biosphere by a radionuclide-specific Landscape dose conversion factor (LDF). For each 
radionuclide, LDFs were calculated over time for each biosphere object, and the highest value over 
time among all objects was pessimistically chosen to represent the most exposed group. The basic 
LDFs are applicable to continuous long-term releases. Beside the basic LDF, a modified LDF was 
calculated for pulse releases with an extension of years to hundreds of years. 

The LDF for each potentially released radionuclide is defined as the mean annual dose to a 
representative individual of the most exposed group, resulting from a constant release rate of 1 Bq/y 
of this radionuclide. The modified LDF for a pulse release of each potentially released radionuclide 
is defined as the mean annual dose to a representative individual of the most exposed group, resulting 
from a unit pulse release. For both factors, the exposure is averaged over the lifetime of an individual, 
and the unit is Sv/y per Bq/y for the basic LDF and Sv/y per Bq for the modified LDF. For a further 
discussion of the LDF concept, see the Biosphere synthesis report and details in  
/Avila et al. 2010/.

LDF values for different climatic conditions
LDF values were calculated for three different periods of the reference glacial cycle; a period of 
submerged conditions following the deglaciation, the whole interglacial period, and a prolonged 
period of periglacial conditions. Additionally, LDFs were calculated for the global warming climate 
case. The modified LDF values for a pulse release were calculated for the interglacial period only.

The calculation period starts at the time for the deglaciation around 9000 BC, when the landscape is 
covered by the sea (i.e. submerged conditions). The length of the submerged period differs between 
biosphere objects since it takes almost 10,000 years from the emergence of the first biosphere object 
from the sea, until the shoreline has passed over the whole model area. 

The interglacial period, i.e. the period from deglaciation to the onset of periglacial conditions, 
see the Climate report, is represented by climate conditions similar to those of today. It is, in 
accordance with the reference glacial cycle, assumed to prevail for 18,400 years (i.e. from –9000 to 
9400 AD) and includes both submerged and temperate conditions. As land has emerged sufficiently 
from the sea, wetlands are assumed to be converted to arable land. Drinking water for humans and 
livestock during the terrestrial stage of this period is supplied by equal parts from surface water and 
from a contaminated well drilled into the bedrock (see Chapter 8 in the Biosphere synthesis report). 

The initial period of temperate climate conditions is followed by a period of periglacial conditions 
in the reference glacial cycle. During this period, the climate is colder than today, with episodes of 
deep permafrost. For the LDF calculation, periglacial conditions are assumed to prevail until the 
onset of the next glaciation around 59,600 AD. During this period, it is assumed that agriculture is 
not possible, and drinking water from a contaminated deep drilled well is not accessible (see Chapter 8 
in the Biosphere synthesis report). 

Exposures of humans under glacial conditions, when the site is covered by an ice sheet, are unlikely. 
Nevertheless, if releases occur, humans may be exposed to radionuclides through ingestion of sea 
food when the ice margin is situated above or close to the repository. As a cautious estimate of the 
exposure from releases during glacial conditions, the LDFs from the open sea stage during a temper-
ate climate (i.e. submerged conditions) are used in the assessment.
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In the SR-Site global warming climate case, it is assumed that the temperate climate domain is extended 
by approximately 50,000 years compared with the reference glacial cycle (i.e. the temperate climate 
domain prevails until 59,600 AD, see Section 5.1 in the Climate report). Assumptions concerning 
human usage of the landscape during this period are the same as for the interglacial, i.e. wetlands are 
converted to arable land when possible and drinking water for humans and livestock is supplied in 
equal parts from surface water and water from a contaminated well drilled in the rock.

Uncertainty analyses
Sensitivity and uncertainty analyses of LDF values were performed for the most dose-contributing 
radionuclides. Both the effects of parameter uncertainties and conceptual uncertainties were quanti-
fied. The results from a selection of these analyses are summarised in Section 13.2.6. The results are 
further discussed in the Biosphere synthesis report and details are presented in / Avila et al. 2010/.

For each input parameter, a combination of site-specific data, generic data, and expert judgement 
were used to determine a best estimate, and to characterise the uncertainty in the parameter estimate 
with a probability density function. The parameter uncertainty included natural interannual variation 
(expected at the site during the interglacial period) and measurement uncertainties. For each selected 
radionuclide, probabilistic simulations were then performed by applying Monte Carlo simulations 
for the landscape object that showed the highest LDF value in the deterministic simulations.

Some parameters that occur in the model as time series do not vary independently (e.g. the develop-
ment of the different regolith layers or different parameters describing aquatic production) and 
were therefore excluded from the probabilistic simulations. Instead, these parameters were varied 
systematically as a group, preserving their correlation structure.

A number of conceptual uncertainties were addressed with alternative models. These analyses included 
e.g. evaluation of the pattern of groundwater discharge using particle tracking in hydrogeological 
models / Bosson et al. 2010/. Other analyses included evaluation of the effects on the LDFs of a finer 
discretisation of the lower regolith compartment, evaluation of the effects of periglacial conditions 
using an alternative parameter set, evaluation of the effects of irrigation, and evaluation of how 
assumptions on land use and human diet affect LDFs / Avila et al. 2010/.

Input data 
The radionuclide model for the biosphere relies on nearly 140 input parameters, of which a third 
represent radionuclide- or element-specific properties. The input data include physical constants 
and parameters that describe the development of the individual biosphere objects. Other parameters 
describe the characteristics of the ecosystems where radionuclides are likely to accumulate, the 
surface hydrology which drives transport within and between biosphere objects, element distribution 
between the solid and aqueous phases, and equilibrium concentration ratios for organisms (see the 
Biosphere synthesis report for more details). 

A majority of the parameter values have been estimated from field measurements at the site as part 
of the site investigations, or have been modelled from the predicted development of the site. These 
parameter values, which are chosen as typical for the site, are associated with uncertainties due to 
natural variation and also to the methods used to measure and model them. There are also parameters 
describing the exposed individuals and the dose coefficients for external exposure, inhalation, and 
ingestion of food and drinking water. Fixed, slightly cautious values have been chosen for these 
parameters, in line with international recommendations / ICRP 2007/.

13.2.4 Resulting LDF values
Maximum LDFs for a constant release rate of radionuclides (1 Bq/year) were calculated for interglacial 
and periglacial conditions, and for the global warming climate case. Maximum LDFs for periods 
when the biosphere objects are submerged were used as a cautious estimate of unit release rate 
annual doses during the glacial climate domain. Results for the 19 radionuclides that contributed the 
most to human exposure are presented in Figure 13-7. LDFs for the 40 assessed radionuclides are 
presented in / Avila et al. 2010/ and in the Data report.
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The LDFs are consistently higher for the interglacial period than for any of the other climate domains 
in the reference glacial cycle (Figure 13-7). For instance, LDF values for glacial conditions are less 
than the values for interglacial conditions by two orders of magnitude or more, and also LDFs for 
periglacial conditions are lower than the corresponding values for the interglacial period, although 
they are higher than the LDFs for glacial conditions. For most radionuclides, the LDFs for the 
interglacial period differ marginally between the situations with and without agriculture (Figure 13-7). 
However, for a few radionuclides (i.e. C-14, I-129, Nb-54, Ni-59, U-238), the LDFs differ by more 
than an order of magnitude between these two situations (see further the Biosphere synthesis report 
and / Avila et al. 2010/). 

Thus, the highest doses from a constant release rate from the repository are expected under intergla-
cial conditions when humans are exposed to radionuclides that have accumulated in a wetland that 
has been converted to arable land, and when contaminated well water is utilised by human inhabit-
ants and livestock. The only exception is C-14, for which the LDF also is highest in the interglacial 
period, but the maximum LDF occurs when agriculture is not possible. Accordingly, the LDFs for 
the interglacial period are the maximum values applicable during the reference glacial cycle and 
have been used for the dose assessments in the central corrosion case (see Section 13.5.4).

The global warming climate case is represented by a 50,000 year extension of temperate conditions. 
Consequently, radionuclides that do not reach steady state activity concentrations within the initial 
temperate period (–9000 to 9400 AD) will continue to accumulate during the extended temperate 
period. However, most radionuclides have approached steady state at 9400 AD, and additional 
accumulation and the associated increase in LDF is marginal for dose-dominating radionuclides 
(exemplified for biosphere object 121-3 in Figure 13-8). Therefore, the LDFs for most radionuclides 
calculated for the global warming case do not differ significantly from those for reference glacial 
cycle. However, for two radionuclides, Cs-135 and U-238 (the latter not included in the figure), have 
maximum LDFs approximately an order of magnitude larger in the global warming climate case than 
under the reference glacial cycle, which can be explained by several factors as discussed in / Avila 
et al. 2010/. However, due to the small contributions of Cs-135 and U-238 to the total risk estimate 
resulting from a long term release (see Section 13.5.4), this tenfold increase in the LDFs of these 
nuclides would not affect the final risk estimates significantly. It is therefore concluded that, from the 
perspective of the biosphere, the global warming case is not significantly different than the reference 
glacial cycle.

Figure 13-7. Resulting LDFs (i.e. the highest LDF over time among all biosphere objects) for different 
climate conditions / Avila et al. 2010/. LDFs for the initial submerged period were used to represent glacial 
conditions in the assessment. The effect on the LDFs of using agricultural products as food is visualised by 
including and excluding food from arable land during the interglacial period. 
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The LDFs clearly vary among biosphere objects, and the degree of variation depends on the properties 
of different radionuclides (Figure 13-9). For radionuclides for which food ingestion is the dominant 
exposure pathway (i.e. C-14, Cl-36, I-129, Nb-94, Np-237, Se-79, Sn-126, and Tc-99), the LDFs 
typically vary by two to three orders of magnitude among objects (excluding object 105). However, 
for radionuclides for which drinking water is an important exposure pathway (e.g. Am-241, Pa-231, 
Pu-239, Pu-240, Pu-242, Ra-226 and Th-229), the variation in LDFs among objects is typically 
less than a factor of three. For most radionuclides, the rank order of objects with respect to LDF is 
similar. Biosphere object 121-3 (Figure 13-8) yields the highest LDF for a majority of the examined 
radionuclides, whereas biosphere object 105, which is in the sea stage during the entire interglacial, 
consistently has three orders of magnitude or more lower LDFs for all radionuclides / Avila et al. 2010/.

Figure 13-8. Development of the LDF for a number of radionuclides in biosphere object 121-3 in the 
global warming climate case. Yellow colour indicates when agriculture is possible / Avila et al. 2010/. 
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whole interglacial, are shown separately (green squares) / Avila et al. 2010/.
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Table 13-2. Modified landscape dose conversion factors derived for pulse releases (from / Avila 
et al. 2010/). Asterisk denotes the radionuclides contributing most to dose in the pulse release 
cases (see Section 13.5.4).

Radionuclide LDF pulse 
Sv/y per Bq

Se-79* 9.7·10–14

I-129* 5 6·10–14

Cl-36 4.3·10–15

Tc-99 2.8·10–15

Sn-126 2.3·10–15

Ag-108m 5.1·10–16

Nb-94 3.2·10–16

Cs-135 1.8·10–16

Ni-59 9.7·10–18

In the central corrosion case, a fraction of the inventory in a canister is assumed to be instantane-
ously released from the fuel upon water contact, propagated through the geosphere, and released to 
the biosphere as a pulse with a duration of years to hundreds of years (see Section 13.5.2). The modi-
fied LDF values for radionuclides that may be present in pulse releases are presented in Table 13-2. 
The values correspond to the maximum annual doses obtained in a simulation with a pulse unit 
release of 1 year duration, occurring at any time point within a period with temperate conditions.

Comparison of the SR-Site LDFs with results from earlier studies
The method used for calculating landscape dose factors in SR-Site has been updated in several 
important ways since the last two biosphere assessments of a deep repository (i.e. SR-Can / SKB 
2006a/ and SR 97 / SKB 1999a/), and data from the site have been used to modify parameters from 
values used in the past, with improved justification for the values used in the present assessment. 
The changes in methodology and parameter values, and their consequences for exposure, are 
discussed in detail in / Avila et al. 2010/. 

The maximum values of the ecosystem specific dose conversion factors (EDF) used in SR 97  
/Bergström	et	al.	1999/	were	systematically	higher	than	the	LDFs	calculated	in	the	present	assess-
ment, with the exception of a few radionuclides (e.g. C-14) (Figure 13-10). These differences are 
attributable to important methodological differences between the two assessments, including the 
delineation of the sub-catchment, assumptions on where a release will reach discharge areas and 
enter the ecosystems, as well as differences in the approach to evaluate the well / Avila et al. 2010/. 
Moreover, in the SR 97 assessment, generic parameter values were used in most cases, whereas 
site-specific data obtained during the site investigation programme have been broadly applied in the 
SR-Site assessment. 

13.2.5 Approach and methods for assessment of radiological effects on the 
environment

To ensure the protection of the environment, adverse effects on non-human biota from a potential 
radionuclide release in the Forsmark area were assessed (see details in / Torudd 2010/). The assess-
ment was carried out using the approach developed within the European projects FASSET / FASSET 
2004/, ERICA / Beresford et al. 2007/ and PROTECT / Howard et al. 2010/, and recommended 
by ICRP / ICRP 2007/. Thus, the potential effects were evaluated of a radionuclide releases on 
individual specimens of a variety of types of organism occurring at the site. This approach is based 
on the rationale that if there are no detrimental effects at the level of individuals, then negative 
consequences at the population or ecosystem levels can also be excluded see / Torudd 2010/.
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The primary focus was put on species that are presently found in the Forsmark area and that occupy 
habitats where they can be exposed to discharges from the repository. In addition, a number of 
reference organisms defined in the ERICA tool see / Brown et al. 2008/, were included in the assess-
ment. Instead of using a unit release rate as for the assessment of doses to humans, it was desired to 
conduct an analysis to understand the likely importance of effects on the environment. Consequently, 
calculated radionuclide releases to the surface from the probabilistic calculation of the central corro-
sion case (Section 13.5.4) were used as input to the calculations. By selecting these release rates, the 
maximum potential impact on the environment in any time period is assessed.

The activity concentrations in water and upper regolith of the aquatic and terrestrial ecosystems, 
calculated with the radionuclide model for the biosphere, were used as input in the ERICA tool 
to obtain activity concentrations in different types of organism. The ERICA tool then estimated 
the total absorbed dose rates, both internal and external. The sum of the absorbed dose rates was 
evaluated	against	a	screening	no-effect	dose	rate	of	10	μGyh–1 / Andersson et al. 2009/. The results 
from the assessment are summarised in Section 13.5.7. A more detailed presentation of the methods 
and results is given in the Biosphere synthesis report and a full description of the assessment can 
be found in / Torudd 2010/.

13.2.6 Uncertainties and cautiousness in the risk estimates
There are two major types of uncertainties associated with the final LDFs. The first type is related 
to uncertainties in the parameter values. The effect of these uncertainties on the LDFs can be 
evaluated through systematic and/or random variations of parameter values (see / Avila et al. 2010/ 
and	/	Ekström	2011/).	The	second	type,	conceptual	uncertainties,	is	related	to	model	assumptions	or	
to conceptual descriptions, which in turn are based on our understanding of the system and on model 
simplifications. Conceptual uncertainties have to be evaluated by the use of alternative approaches 
and models, or by discussing the potential outcome of erroneous assumptions. 

The effect of these two types of uncertainty differs among radionuclides. To illustrate the approaches 
used to evaluate uncertainty, the following discussion is presented, based on the modelling of a con-
tinuous release in the central corrosion case. It focuses on the most relevant parameters, based on a 
sensitivity analysis / Avila et al. 2010/, and on the radionuclides contributing most to dose, especially 
Ra-226 (see Section 13.5.4). A more detailed discussion of uncertainties in the LDF modelling is 
found in the Biosphere synthesis report.

Figure 13-10. Comparison of the SR-Site LDFs with corresponding dose conversion factors (EDF) 
reported in SR 97 / SKB 1999a/. The solid line represents a 1:1 relationship between SR-Site and the SR 97 
dose factors, and each point represents a specific radionuclide / Avila et al. 2010/.
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Mean

Influence of parameter uncertainties on the final LDF estimates
The deterministic LDFs were calculated by selecting input parameters using expert judgement, with 
an intention that the LDF should reflect a reasonable value, given the uncertainties. This approach 
should therefore produce results that represent the central tendency of a full analysis of parameter 
uncertainty. To substantiate this approach, probabilistic simulations were used to propagate parameter 
uncertainties through the model to establish how they affect the LDF estimates. The LDF distributions 
calculated in this way were approximately log-normal, with a 90% confidence interval of LDFs 
typically spanning two orders of magnitude (Figure 13-11). 

The central tendency of distributions that span several orders of magnitude can be thought to be 
represented by either the median or the mean of the distribution. Due to the log-normal distribution 
of LDFs, the arithmetic mean was systematically higher than the median value. Because of the 
nature of information used to establish the input distributions for the probabilistic approach, there is 
uncertainty whether the distribution represents actual site behaviour. Often, parameter distributions 
reflect generic information; as a result the calculated LDF distributions may have excessively broad 
ranges, and the mean value may be skewed to excessively high values. Nevertheless, for most radio-
nuclides, including all major dose-contributing nuclides, the deterministic LDFs and the arithmetic 
mean were within a factor three. 

The deterministic LDFs were generally close to the median and slightly lower than the mean of the 
probabilistic simulations, with a few exceptions. For a few radionuclides, use of the mean calculated 
probabilistically would have resulted in LDFs that were an order of magnitude larger than the LDFs 
used in the safety assessment (e.g. Tc-99, Th-230 and U-238). However, the potential release of these 
nuclides to the biosphere is expected to be insignificant (see Section 13.5.4). Thus, it can be con-
cluded that there is reasonable agreement between the deterministic approach to calculating LDFs 
for use in the safety assessment, and a probabilistic approach that propagates parameter uncertainties 
relevant for evaluating the safety of the repository. This is discussed in more detail in the Biosphere 
synthesis report and in / Avila et al. 2010/.

Figure 13-11. Variation in interglacial LDFs obtained from probabilistic simulations for a subset of the 
analysed radionuclides. The LDF distributions are taken at the time when the median of the probabilistic 
output reached its peak. The mean, median, 5 percentile and 95 percentile from the probabilistic simula-
tions are shown. The deterministic LDFs are also shown for comparison (from / Avila et al. 2010/). 
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Discharge of radionuclides into the biosphere 
The identification of the potential discharge areas for deep groundwater determines the characteris-
tics of areas that are likely to be affected by radionuclides from the repository. The hydrogeological 
models / Joyce et al. 2010, Bosson et al. 2010/ predict that discharge areas will primarily be located 
in low points of the landscape such as lakes, wetlands and shallow parts of the sea floor. According 
to / Joyce et al. 2010/, the discharge pattern is determined mainly by the local topography and 
the deterministic deformation zones, and the pattern does not vary significantly among model 
realisations. Detailed surface hydrological modelling confirmed the overall pattern of the location 
of discharge areas in Forsmark / Bosson et al. 2010/.

Several characteristics of the biosphere objects (including area of sub-catchment, timing of emergence 
from the sea and depth of regolith layers) affect the transport and accumulation of radionuclides. 
These features are not independent properties, but they vary together in response to the topography 
and geometry of the landscape. There are uncertainties in the location and configuration of the biosphere 
objects that are submerged today, associated mainly with uncertainties in the sea floor bathymetry 
and regolith characteristics. However, the identified biosphere objects span a wide range in different 
characteristics, such as topographical location, geometric features and thickness of different regolith 
layers, and they are therefore assumed to be representative both for the present and the future landscape.

Although there are many characteristics that affect the predicted development of activity concentra-
tions in a discharge area, the steady state activity concentrations in soil and water are primarily 
determined by the sizes of the watershed and the local drainage area (sub-catchment). The biosphere 
objects that yield the highest environmental activity concentrations are objects with a small sub-
catchment and no inflow of surface water from an upstream watershed. These objects can typically 
support 80 individuals, and the most extreme object has a local drainage area which is only three 
times larger than the lake/wetland area (24 ha). In theory, smaller biosphere objects with smaller 
sub-catchments could sustainably support a group of say 10–20 individuals. However, a thorough 
analysis of the Forsmark landscape fails to identify any discharge area with a smaller sub-catchment 
than 24 ha and a reasonable likelihood of persistent release from the repository / Lindborg 2010/. 

The use of maximum LDF values in the calculation chain (see Figure 13-3) disregards the fact that 
discharges may affect several objects, and that different nuclides will give maximum LDF values 
during different successional stages of the biosphere. Thus, the maximum LDF used in the assess-
ment overestimates the potential risk. 

In the LDF calculations, a unit release rate of 1 Bq/y is used (see Section 13.2.3). This concept over-
estimates the LDF during low flow conditions, e.g. when a biosphere object is submerged, compared 
with periods with high water flows, because the source term to the biosphere is not a constant but 
varies with the flow conditions. The flow conditions affect the fluxes from the repository by an order 
of magnitude, as shown in Figure 13-33. The maximum LDF value is unaffected by this variation 
in flow conditions, but in the interpretation of the development of LDF over time (Figure 13-8), this 
has to be considered.

It is concluded that the biosphere objects used to represent the future Forsmark landscape give a 
reasonable representation of the range of discharge areas that may receive contaminated groundwater 
from the repository, and consequently uncertainties with respect to the properties of future discharge 
areas have been incorporated in the LDF values used in the safety assessment. It is also concluded 
that the concept of unit release rate and the application of maximum LDF values in the risk assess-
ment means that the risk is overestimated (see further / Avila et al. 2010/).

Accumulation of radionuclides in the regolith
Uncertainties in parameters describing radionuclide retention in regolith layers have an impact on 
the overall uncertainty of LDF results. For the dose-dominating Ra-226, the partitioning coefficient 
between the solid and liquid phases (i.e. the Kd value) for the lower regolith layer explained approxi-
mately 60% of the overall uncertainty, and additionally 7% was explained by Kd for the upper and 
mid-regolith layers, see the Biosphere synthesis report. The main reason for the large variation 
in Kd value for Ra-226 was that the available site data were insufficient to give a reliable estimate 
of the natural variation. Instead, the Kd value for Ra-226 was estimated from literature data / IAEA 
2010/, spanning a wide range of geographical conditions and soils types.
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However, the available site data are in the same order of magnitude as the best estimate from the 
literature, suggesting that an appropriate site-specific estimate would not be likely to deviate by 
orders of magnitude from the value used in the assessment, see the Biosphere synthesis report. 
To validate the LDF for Ra-226 used in SR-Site, and to estimate the effect of a reasonable span in 
the uncertainty of the estimate, LDFs for Ra-226 were recalculated using recently (autumn 2010) 
collected site data (see / Avila et al. 2010/ and references therein).

The analysis showed that the LDF for Ra-226 used in SR-Site deviates less than a factor of two from 
the LDF calculated with Kd values based on site data. This was not surprising as the Kd value for 
organic sediments based on site data closely matched the literature value of 2.5 m3 kg–1, and the Kd 
value for inorganic sediments was within an order of magnitude of the literature value. However, 
literature data clearly exaggerate the uncertainty of Ra-226 retention at the site, and consequently the 
uncertainty in Kd estimated from the site data was used in the probabilistic simulations that addressed 
the effect of parameter uncertainty. Thus, we conclude that the Kd values for Ra-226 used in SR-Site 
are representative for the site, and that the LDF value for Ra-226 is reasonable with respect to the 
uncertainty in Kd value for Ra-226 at the site.

Discretisation of the regolith compartments
In the radionuclide model, the lower regolith is represented by a single compartment. A single-
compartment model will tend to produce earlier breakthrough and more dispersion of radionuclides 
that are accumulating in the regolith, than a model with a finer discretisation. To examine the effect 
of discretisation on dilution and dispersion, the lower regolith compartment was split into a varying 
number of compartments, stacked on top of each other / Avila et al. 2010/. The analysis showed 
that a finer discretisation of the lower regolith compartment increases the retention in deeper soil 
layers, but that this has a limited effect on the calculated LDFs for most radionuclides (including the 
dose-dominating nuclides). Moreover, for radionuclides that are affected by the discretisation, the 
single-compartment representation used in SR-Site leads to pessimistic LDF estimates as compared 
to estimates based on finer discretisation of the lower regolith (see the Biosphere synthesis report 
and / Avila et al. 2010/.

Human behaviour and utilisation of the landscape
A potential release of radionuclides from the repository will reach the biosphere in spatially 
restricted discharge areas, i.e. biosphere objects. It is concluded that the highest activity concentra-
tions in the landscape over time will be found in biosphere objects that receive direct releases of 
radionuclides from the geosphere / Avila et al. 2010/. 

In the assessment it is assumed that the most exposed group spend all of their time in the con-
taminated area, and get their full supply of food and water from the biosphere object. It is further 
assumed that a contaminated wetland will be drained and used for agricultural purposes at the point 
in time which would result in the maximum annual dose for unit release rate. These assumptions are 
unlikely in a cultural or landscape utilisation perspective. For example, a sustainable agricultural use 
of the drained organic soils that are typical for the biosphere objects is possible only for a period of 
50–100 years / Lindborg 2010/. In contrast, the thick and partly continuous layers of clay and sand in 
the central parts of Öregrundsgrepen can be sustainably cultivated for thousands of years. 

Thus, a more realistic scenario for a future self-supporting society in the area is that the mainly 
lightly contaminated central parts of Öregrundsgrepen will be intensively cultivated and contribute 
the major part of the food consumed, even by the most exposed group. Some of the small biosphere 
objects may occasionally be cultivated and may then complement the food produced in the more 
suitable agricultural areas in Öregrundsgrepen, but probably the biosphere objects will primarily be 
utilised for extensive collection of naturally produced foods. Thus, the assumption that a representa-
tive individual of the most exposed group will spend all his or her time in the contaminated area and 
get his/her full supply of food and water from this biosphere object is strongly pessimistic. The effect 
of uncertainties in the composition of the human diet was investigated in a separate probabilistic 
simulation. According to the results, uncertainties in dietary composition affect the LDFs less than 
a factor 2 (see further / Avila et al. 2010/).
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For the LDF calculations it was assumed that vegetables are irrigated with contaminated surface 
water. The effects of irrigation with well water and long-term irrigation were explored in separate 
simulations. Irrigation with well water increased activity concentrations in vegetables somewhat for 
most examined nuclides, but the effects on the most dose-contributing radionuclides was typically 
below a factor of two. Long-term irrigation of uncontaminated minerogenic soil with contaminated 
surface water did not result in higher concentrations in vegetables than those resulting from draining 
and cultivating a wetland in an adjacent contaminated discharge area / Avila et al. 2010/. From these 
simulations it was concluded that assumptions on the origin of contaminated irrigation water did 
not significantly affect the calculated LDFs, and that long-term irrigation with contaminated surface 
water would not lead to significantly higher doses than those arising from the initial cultivation of 
the contaminated organic soil / Avila et al. 2010/.

Summary and conclusions
The biosphere assessment is built on knowledge and results from extensive investigations of the 
site. The site investigations have underpinned the conceptual description of the site and contributed 
to a systematic mapping of processes that may be important for transport and accumulation of 
radionuclides in the biosphere, in order to ensure that all relevant processes have been included in 
the assessment. The investigations have also enabled the use of parameter estimates that correspond 
to conditions at the site today and in the future, in the different modelling steps. 

A number of different biosphere objects have been identified as potential release areas for 
radionuclides from the repository. The objects are situated in a dynamic landscape, ranging from 
fully submerged to entirely terrestrial, and they include considerable variation in size, timing of 
succession and object-specific properties. Even if the exact future landscape development is difficult 
to predict, the modelled landscape development can be seen as a systematic evaluation of possible 
futures, based on the understanding of how present-day geometries have developed and an expected 
shoreline displacement regime. 

An ecosystem-based approach has been used to dynamically model the transport and accumulation 
of radionuclides in the biosphere objects over a 70,000 years long ice-free period of the reference 
glacial cycle. Effects of different climate conditions have also been evaluated in the modelling 
approach. Human utilisation of natural resources was, in the assessment, based on the productivity 
of natural and cultivated food in the object. The annual dose to future inhabitants of the Forsmark 
area was calculated per unit constant release rate to each biosphere object and for each radionuclide. 
The calculated LDFs have been selected from the biosphere object and point in time which gives the 
highest unit release dose, and consequently LDFs from different nuclides does not necessarily match 
the same group of exposed individuals with respect to point in time or location in the landscape.

Additional simulations and alternative models have been used to explore how uncertainties and 
assumptions may affect the final LDF estimates. From these analyses it is concluded that neither 
object discretisation, nor parameter uncertainties, nor assumptions on human utilisation of natural 
resources will have significant effects on the calculated LDFs. However, the analyses highlighted 
that a large proportion of LDF uncertainty can be attributed to parameters describing the partitioning 
of radionuclides between the solid and liquid phases (i.e. Kd values) and biological uptake (i.e. CR 
values). Consequently, the uncertainties can be reduced by better estimates of these parameters from 
the site, or by alternative modelling approaches for sorption and uptake of radionuclides that are less 
sensitive to parameter uncertainties (see further discussion in the Biosphere synthesis report). 

Even though the intent of the biosphere modelling effort has been to make the assessment as realistic 
as possible, a systematic evaluation of the effects of assumptions and other sources of uncertainties 
on the SR-Site LDFs shows that the handling of system and model uncertainties tends to be cautious, 
see the Biosphere synthesis report. Site representative values were used for model parameters, 
and their uncertainties were not handled pessimistically, whereas the definition of the most exposed 
group was clearly cautious. However, the effect of quantified uncertainties was limited and is 
therefore not expected to have a significant effect on the assessment endpoint. Taken together there is 
confidence that the maximum LDFs used in SR-Site are robust estimates for the most exposed group, 
reflecting process understanding and the most precise description of the site available.



646 TR-11-01

13.3 Criticality 
If a canister failure occurs, the issue of nuclear criticality has to be considered, since, if this occurred, 
it could have a strong influence on the further development of the failed canister and of repository 
areas in its vicinity.

The possibility of nuclear criticality in the canister interior, process F3 Induced fission (criticality) 
in the process table for the fuel in Section 7.4.1, has been dismissed in a number of studies, see e.g. 
the SR-Can report / SKB 2006a/. The issue has most recently been analysed by Agrenius / SKBdoc 
1193244/.

In the repository, the normal spent fuel criteria for safety against criticality must apply. This means 
that the effective neutron multiplication factor keff, including uncertainties, must not exceed 0.95. 
Agrenius / SKBdoc 1193244/ has calculated the effective neutron multiplication factor keff after 
disposal. Uncertainties in the determining parameters such as the position of the assemblies in the 
canister, the manufacturing tolerances and the size of fuel compartments in the insert, and tempera-
ture, variation with enrichment, were taken into account. The calculations were performed for fresh 
fuel with an initial enrichment of 5% U-235. For a loaded and sealed canister filled with argon the 
keff value is less than 0.4 and the system is strongly subcritical.

If it is assumed that the canister is leaking and that the canister storage positions and the fuel 
assemblies are water filled, the reactivity will increase. With all fuel element locations occupied 
in a canister deposited in the repository, surrounded by 35 cm bentonite and filled with water, the 
following results are found:

BWR: keff = 0.9959 ± 0.0002

PWR: keff = 1.0888 ± 0.0002

It can therefore be concluded that the reactivity criteria could not be met for a failed canister with the 
pessimistic assumption that the fuel is fresh. A more realistic assumption would be to take credit for 
the burnup of the fuel, which will decrease the reactivity. Agrenius / SKBdoc 1193244/ also calcu-
lated the neutron multiplication factor for irradiated fuel with various initial enrichments including 
the isotopic concentrations for two sets of isotopes. These calculations showed, using state-of-the-art 
methods and a reasonable assessment of the uncertainties, that taking credit for the burn-up of the 
fuel, the criterion keff	≤	0.95	could	be	met	for	both	BWR	and	PWR	fuel	of	a	given	burnup.	The	
results are further discussed in the Fuel and canister process report, Section 2.1.3. Acceptance 
criteria for encapsulation of fuel assemblies are defined to ensure that the fuel assemblies shall 
not, under any circumstances, be encapsulated if the criticality criteria cannot be met, see further 
Section 5.3.4.

The risk of criticality as a result of redistribution of material has been analysed by / Behrenz and 
Hannerz 1978/ and by / Oversby 1996, 1998/. The conclusions were that criticality outside the canis-
ter has a vanishingly small probability, requiring several highly improbable events. After the report 
of a possibility of criticality outside a canister by / Bowman and Venneri 1994/ that was dismissed 
in a review by / Van Konynenburg 1995/, several other studies have concluded that criticality in a 
geologic repository as a result of redistribution of fissile material is a highly unlikely event.

The possibility of nuclear criticality in the vicinity of the proposed Yucca Mountain repository was 
explored recently by / Nicot 2008/. It was concluded that external nuclear criticality is not a concern 
at the proposed Yucca Mountain repository for any of the deposited waste. Some of the waste 
intended for Yucca Mountain contains higher levels of fissile material than what is intended for 
disposal in a Swedish repository. 

In conclusion, credit for burnup has to be taken to demonstrate that the canister remains subcritical in 
the repository for all reasonably conceivable scenarios (Table 2-3 in the Fuel and canister process 
report). The probability of criticality inside or outside the canister is considered to be negligibly 
small, based on the results reported in / SKBdoc 1193244/ and in / Van Konynenburg 1995, Oversby 
1996, 1998, Nicot 2008/.
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13.4 Models for radionuclide transport and dose calculations
Figure 13-12 shows the models and data used in the radionuclide transport and dose calculations. 
In the following, a brief description is given of the near-field model COMP23 in Section 13.4.1 and 
of the far-field model FARF31 in Section 13.4.2, which also describes a separate model, MARFA, 
for modelling of varying flow and colloid-facilitated transport in the geosphere. 

Radionuclide transport and dose consequences for some cases have been calculated with simplified, 
analytical models that yield similar results to the numerical models. The analytical models are briefly 
explained in Section 13.4.4.

13.4.1 The near-field model COMP23
The near-field radionuclide transport model used in SR-Site to handle radionuclide transport in the 
water phase is COMP 23 / Cliffe and Kelly 2006, Kelly and Cliffe 2006/. This is an updated version 
of the compartment model used in the SR 97 assessment and it was originally developed from the 
NUCTRAN code / Romero 1995, Romero et al. 1999/. In SR-Site, a Matlab/Simulink implementa-
tion / Vahlund and Hermansson 2006/ is used to solve the COMP23 model instead of the original 
Fortran implementation. 

COMP23 models processes related to radionuclide release and transport in the canister interior, 
the buffer and the deposition tunnel backfill, i.e. the summary processes F17, Bu25 and BfT21, 
respectively in the process tables in Section 7.4. These incorporate the processes radioactive decay 
(F1), metal corrosion (modelled as a constant metal corrosion rate, F11), fuel dissolution (F12), 
dissolution of gap inventory (modelled as an instantaneous release, F13), speciation of radionuclides 
(i.e. dissolution/precipitation of nuclides with shared elemental solubilities, F14), diffusion (Bu11) 
and sorption (Bu12) in the buffer and advection (BfT9), diffusion (BfT10) and sorption (BfT11) in 
the deposition tunnel backfill. It also handles the release of radionuclides to exit paths from the near 
field, see below. 

Figure 13-12. Models and data for the consequence calculations. 
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COMP23 is a multiple-path model that calculates transient nuclide transport in the near field of a 
repository by use of a network of coupled resistances and capacitances in analogy with an electrical 
circuit network. Analytical solutions, instead of fine discretisation, at sensitive zones, for example 
at the exit point of a small canister hole and at the entrance to fractures, are embedded to enhance 
calculation speed. 

Figure 13-13 shows the canister, deposition hole and the deposition tunnel backfill and how these 
are modelled by COMP23 in SR-Site. Three exits from the near field are included: a fracture 
intersecting the deposition hole at the vertical position of the canister lid, denoted Q1, an excavation 
damaged zone, EDZ, in the floor of the deposition tunnel (if such a zone is assumed to exist), Q2, 
and a fracture intersecting the deposition tunnel, Q3. In the hydrogeological modelling, the number 
of fractures intersecting a deposition hole and the properties of these fractures are determined statis-
tically based on the DFN description of the rock, see further the Data report, Section 6.6. If more 
than one fracture intersects a deposition hole, the transport capacity of the several fractures are added 
and pessimistically assigned to the single fracture modelled by COMP23. The equivalent flow rate 
through Q2 is also calculated as an integral part of the hydrogeological modelling. Data on transport 
properties for the EDZ used in these calculations are given in the Data report, Section 6.5. The flow 
rate in the deposition tunnel and the distance to the nearest Q3 fracture through which radionuclides 

Figure 13-13. The near field and detail of its model representation as compartments B1–B6, C1–C3, D and 
E in the model COMP23. The transport paths Q1, Q2 and Q3 to a fracture intersecting the deposition hole, 
to the excavation damaged zone, and to a fracture intersecting the deposition tunnel, respectively, are also 
shown. (Potentially a minor EDZ around the deposition hole could exist, but as shown in the Underground 
construction report such a zone would have very low – if any – connected hydraulic conductivity and is 
thus not included in the model.) The differentiation of compartments shown in this figure is relevant for a 
pinhole failure in the canister. All other analysed failure modes require less differentiated representations of 
the near field.
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are released to the geosphere from the tunnel are given by the hydrogeological modelling. Transport 
by advection/diffusion in the tunnel is included in the near-field simulations and the computational 
domain is extended in the downstream direction to include the Q3 fracture.

Effects of spalling in deposition holes are treated by a modification of the input equivalent flow rates 
for the transport path Q1, as described in Section 10.3.6 and further in the Data report, Section 6.6. 
The handling of spalling does not require any modification of the numerical model. 

Advective conditions in the buffer are simply treated by equating the outflux from the canister 
interior compartment with the release to Q1. The release paths Q2 and Q3 are not modelled when 
advective conditions are assumed in the buffer since releases to Q1 completely dominate over those 
to Q2 and Q3 for such cases.

13.4.2 The far-field models FARF31 and MARFA 
The far-field radionuclide transport models used in SR-Site to handle radionuclide transport in the 
water phase are FARF31 / Norman and Kjellbert 1990, Elert et al. 2004/ and MARFA / Painter and 
Mancillas 2009/. 

FARF31 has been employed already in earlier assessments, e.g. SR 97 / SKB 1999a/ and SR-Can 
/ SKB 2006a/, whereas MARFA has been developed for use within SR-Site. Development of MARFA 
is still on-going as detailed below. Within SR-Site, MARFA is primarily used for calculations 
employing code functionality not available in FARF31. The two codes are partially used also in 
parallel within SR-Site to show that they produce consistent results. 

The two codes solve migration along one-dimensional paths and handle, using the nomenclature in 
the process tables in Section 7.4, the process Ge24 ‘Transport of radionuclides in the water phase’, 
consisting of the sub-processes advection (an aspect of process Ge11), dispersion, matrix diffusion 
with equilibrium sorption (Ge12 and Ge13), and radioactive decay (F1, including decay chains). 
MARFA can in addition also handle equilibrium sorption within the flowing phase, i.e. not only 
within the stagnant water of the matrix.

In FARF31, the equations are solved analytically in Laplace space and subsequently numerically 
inverted to obtain the breakthrough curves. It is noted that the equations are expressed in terms 
of accumulated travel time rather than distance along the flow path. This feature makes it easy to 
calculate travel times in a stand-alone groundwater flow model, see Section 10.3.6, and subsequently 
radionuclide transport in a decoupled fashion. 

FARF31 was originally developed to be used with a groundwater flow model adopting a continuum 
representation of the rock. In SR-Site, groundwater flow is primarily modelled through a discrete 
fracture network (DFN) where individual fractures are represented explicitly. Here, the conceptuali-
sation of a migration path is slightly different than in a continuum-based groundwater flow model. 
Rather than macroscopic stream tubes encompassing both rock and flow paths, the equation now 
describes flow paths through the actual open pore space, i.e. through the connected fracture network 
/ RETROCK 2005/. However, the governing equations are identical for the two conceptualisations. 
The entities calculated in the DFN-based groundwater flow models are the advective travel time (tw) 
and flow-related transport resistance (F) along flow paths. FARF31 has been modified to use these 
inputs directly.

MARFA (Migration Analysis of Radionuclides in the Far Field) uses a particle-based Monte Carlo 
method to simulate the transport of radionuclides in a sparsely fractured geological medium. 
MARFA uses a time-domain random walk algorithm / Painter et al. 2008/, wherein noninteracting 
particles representing packets of radionuclide mass are moved through the system according to 
rules that mimic the underlying physical transport and retention processes. MARFA is specifically 
designed to work with output from discrete fracture network (DFN), continuous porous medium 
(CPM), or nested DFN/CPM flow models. 
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The main advantage of MARFA relative to FARF31 is that different retention models can be 
specified for different sub-units of the system, e.g. different models for hydraulic rock, hydraulic 
conductor (deformation zone), and hydraulic soil domains. Furthermore, also the engineered part of 
the system, i.e. tunnels, can be assigned retention. Finally, the flow magnitude, but not direction, can 
be changed along the pathlines. This provides an opportunity to address, in at least an approximate 
sense, e.g. glacial conditions where flow may be almost stagnant during ice cover, but very high 
when the ice front passes above the repository. 

Immobilisation processes, known to occur in the field, are not readily quantified and not included 
in the codes. However, in the Radionuclide transport report, these processes are evaluated 
through screening calculations, and their implications on the safety assessment discussed in detail. 
The exclusion of these processes in the radionuclide transport codes is judged cautious in terms of 
resulting doses for most relevant situations, with the possible exception of the case in which there 
is precipitation with subsequent dissolution due to e.g. changed chemical conditions / RETROCK 
2005/. Radionuclides that exhibit sensitivity to redox conditions are most strongly influenced by 
such processes on account of the fact that they can transition from being essentially immobile to 
being in a highly mobile state over very short distances in proximity to a redox front. Situations 
where this might compromise the safety function of the repository, however, are considered to be 
unlikely on account of the uncharacteristic configuration of redox boundary conditions that such an 
accumulation and remobilisation process would require. 

A limitation with the flow path concept used in FARF31 is that only steady-state velocity fields 
can be addressed (adopting the snapshots in time approach for transport modelling), whereas the 
flow field is expected to evolve in time due to shoreline displacement. In MARFA, changes in flow 
magnitude can be handled.

Colloid-facilitated transport is not included in FARF31. For rapid reversible sorption/desorption 
onto colloids, an expression is derived which modifies the MARFA input parameters which quantify 
radionuclide retention in the host rock matrix. In principle, the same modification could be done 
in FARF31, but colloid-facilitated transport is chosen to be handled in MARFA since this case is 
combined with changes in flow conditions.

13.4.3 Biosphere representation 
The biosphere is mainly represented by multiplying the radionuclide releases from the near field or 
from the geosphere by an appropriate dose conversion factor, i.e. the LDF, derived as explained in 
Section 13.2.3. 

The so obtained doses, or, in the case of the near field, dose equivalent releases, are the main calcula-
tion end-points in the consequence calculations presented in this chapter. The conversion to dose 
is done to obtain a convenient measure of the impact of the releases, where also a total measure is 
obtained as the summed dose.

In some release situations, a pulse is rapidly released to the biosphere, and the LDF that is derived 
for a steady state release, is not a suitable conversion factor. In such cases the pulse LDFs described 
in Section 13.2.4 are applied. 

In a few cases of relatively early releases, the LDFs would represent an overestimation of the dose 
consequences, again since a steady state release situation is far from established. In some of these 
cases, time dependent releases are transferred to the same biosphere model as used for the derivation 
of LDFs and a time dependent dose, taking into account both the temporal variation of the release 
and the development of the landscape, is obtained, see Section 13.2.3. 

There are also a few cases, calculated for illustrative purposes, where a large number of canisters 
are assumed to fail. In such cases, LDF values calculated for a release spread over the landscape 
objects according to the distribution of release locations over time during the modelled interglacial 
period are applied, rather than the basic LDFs where the landscape object yielding the highest dose 
is pessimistically used to represent the biosphere, see Section 13.2.3. 
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13.4.4 Simplified analytical models
Analytical simplified versions of the near- and far-field transport models have been developed 
/ Hedin 2002b/. These models use the same input data as the corresponding numerical models and 
doses are calculated using the same LDF values as in the numerical approach. The models may be 
executed probabilistically and yield results in good agreement with the deterministic and probabilis-
tic calculation cases in the SR 97 assessment / Hedin 2002b, SKB 2004b/. In the SR-Can assessment 
they were shown to be in good agreement for the corrosion scenario, for the shear load scenario and 
for releases from a pinhole failure of the canister / SKB 2006a/. A single realisation with the analyti-
cal models executes in around 0.1 second on a 2 GHz Personal Computer, making them well suited 
for probabilistic calculations. The corresponding calculation time for the numerical models is of the 
order of 10 seconds. 

The analytical models have been benchmarked against the numerical models for several calculation 
cases in this chapter. The roles of the analytical models are to i) quickly and preliminarily evaluate 
calculation cases to be used in the planning of the transport calculations, ii) serve as one of several 
quality assurance measures of the numerical calculations by identifying potential differences in 
results obtained with the analytical and numerical models and seeking explanations for these (are 
they due to modelling errors or to differences in the nature of the models?), and iii) demonstrating 
an understanding of the nature of the models facilitated by the simple nature of the analytic models. 

The analytical models have not been quality assured according to the procedures used for the numerical 
models for radionuclide transport, since they are not a formally approved tool for transport calcula-
tions in SR-Site.

These models are applied in parallel to the numerical models to key variants of the corrosion 
scenario, Section 13.5.10, and the shear load scenario, Section 13.6.5. 

13.4.5 Selection of radionuclides
The selection of radionuclides is based on radiotoxicity, inventory, half-life and shared solubility. 
The selection is further described in the Radionuclide transport report. Some of the selected, 
short-lived nuclides were omitted in cases where they would have decayed to insignificance at the 
time of the start of the calculation, see the Radionuclide transport report. 

The following fission and activation products were selected: Ag-108m, C-14, Cd-113m, Cl-36, 
Cs-135, Cs-137, Eu-152, H-3, Ho-166m, I-129, Mo-93, Nb-93m, Nb-94, Ni-59, Ni-63, Pd-107, 
Se-79, Sm-151, Sn-121m, Sn-126, Sr-90, Tc-99 and Zr-93. 

The following decay chain nuclides (ordered by chain) were selected: Pu-240, U-236, Th-232, 
Cm-245, Am-241, Np-237, U-233, Th-229, Cm-246, Am-242m, Pu-242, Pu-238, U-238, U-234, 
Th-230, Ra-226, Pb-210, Am-243, Pu-239, U-235, Pa-231 and Ac-227. Some nuclides with short 
half-lives in comparison to their progeny were only included by adding their initial inventory to that 
of their progeny. This applies to e.g. Cm-244, Pu-241, Cm-243 and Pa-233. 

13.5 Canister failure due to corrosion 
13.5.1 Introduction
As reported in Section 12.6, in the ‘canister failure due to corrosion’ scenario (called briefly the 
corrosion scenario below) canisters fail as a result of enhanced corrosion due to advective conditions 
in the deposition hole following the loss of buffer through erosion. 

For this failure mode, both the canister and the buffer are bypassed, and the rock retention is small 
since substantial copper corrosion after buffer erosion only occurs in deposition holes with high flow 
rates, which are in general associated with flow paths to the surface of low geosphere retention. 
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Six variants yielding varying extents of corrosion failures were identified in the corrosion scenario, 
see Figure 12-18 in Section 12.6.3, for which radionuclide transport and dose calculations are 
reported in the following. A central corrosion variant was identified as the one on which assess-
ments of radionuclide transport and dose should primarily be made.

In the following, the conceptualisation of the transport conditions including the handling of pulse 
releases for the instantaneously released fraction of the inventory is accounted for in Section 13.5.2 
and input data for these base case transport assumptions are given in Section 13.5.3. Data from 
the central corrosion variant from the corrosion analysis are used with the base case transport data 
yielding a central corrosion case that is analysed in Section 13.5.4. 

In Section 13.5.5, reasons to consider alternative transport data are examined. This analysis 
corresponds to the analysis of containment conditions in Section 12.6.2. Section 13.5.6 presents 
calculations of alternative cases, both as concerns transport assumptions and data, including findings 
in Section 13.5.5, and alternative corrosion variants identified in Section 12.6.2. Some cases in 
Section 13.5.6 are analysed with the MARFA code. 

Results of calculations of doses to non-human biota for the central corrosion case are given in Section 
13.5.7. Alternative safety indicators for the central corrosion case are given in Section 13.5.8. 
Section 13.5.9 gives a summary of the results for the corrosion scenario.

13.5.2 Conceptualisation of transport conditions
Evolution of the canister after canister failure 
According to the analysis of copper corrosion for advective conditions, Section 10.4.9, a band, 0.35 m 
high and covering half the circumference of the canister, is assumed to be evenly corroded. This means 
that when penetration occurs, a large amount of damage must be assumed in the copper shell. 

The time required to penetrate the cast iron insert is pessimistically neglected since it is difficult to 
estimate a reasonable development for this process for this failure mode. Also, because penetration 
of the copper shell in general occurs after several hundred thousand years for the few canisters 
exposed to the highest corrosion rates, the additional time to penetrate the cast iron insert is of less 
importance. 

Once the copper canister and the cast iron insert have failed, the void in the insert is assumed to be 
rapidly filled with water due to the high flow rate and the lack of transport resistances in the absence 
of the buffer and with a large amount of damage also to the cast iron insert.

Radionuclide release
Advective conditions in the buffer must be assumed also for the consequence calculations for the 
corrosion scenario. There is no buffer hindering the outward transport of radionuclides meaning that 
this is controlled by the flow through the deposition hole, q. The following three contributions to the 
outward transport can be distinguished.

•	 The	instantaneously	accessible	fraction	of	radionuclides,	IRF,	that	is	assumed	to	be	rapidly	
dissolved in the water void volume and subsequently flushed out of the canister. This gives rise 
to a pulse of uncertain duration, the uncertainty stemming from e.g. uncertainties in the detailed 
development of the canister failure through which the IRF is made accessible. 

•	 A	contribution	from	the	corrosion	of	metal	parts	in	the	fuel	assemblies	and	the	congruent	release	
of radionuclides embedded in the metal parts. These inventories are collectively called the corro-
sion release fraction, abbreviated CRF.

•	 A	contribution	from	fuel	dissolution	and	the	congruent	release	of	radionuclides	embedded	in	the	
fuel matrix. 

In a case where the buffer is severely eroded, a colloid filter (buffer function indicator Buff7) 
cannot be guaranteed. This means that the use of elemental solubilities as a limit for radionuclide 
release could be questioned, since it cannot be excluded that the solid particles formed by various 
radionuclides reaching saturation would leave the canister and migrate further. In this case, however, 



TR-11-01 653

this is of minor concern, since the flow through the deposition hole is often too high for solid phases 
to precipitate (with the exception of uranium). This is demonstrated in Section 13.5.6 by analysing a 
case where solubility limits are included.

The release into the fracture is thus controlled by the corrosion rate and the fuel dissolution rate, with 
two exceptions: 

1. For uranium, a concentration limit is still an effective constraint on release, due to the large 
amount of U-238 present in the fuel. This limits the near-field releases of uranium isotopes, 
but also leads to increased near-field releases of Th-230, Th-229 and Pa-231 generated by the 
re-precipitated U-234, U-233 and U-235, respectively. 

2. It cannot be excluded that co-precipitation processes and sorption/immobilisation in the remain-
ing bentonite in the deposition hole could confine Th-230 to the near field. If this is the case, its 
daughter nuclide, the considerably more mobile Ra-226, would be released. The so generated 
Ra-226 is assumed to be released to the flowing groundwater in the fracture intersecting the 
deposition hole. This causes higher releases of Ra-226, since there is a contribution not only 
directly from the fuel dissolution, but also from the confined Th-230. Since Ra-226 is often the 
main contributor to dose, this also causes higher total doses. Sorption of Th in the near field is 
thus assumed. The effect of disregarding Th sorption is analysed as a separate calculation case. 

Furthermore, as the flow rate in the intersecting fracture is high, the retention of the rock is in 
general limited for these deposition holes. 

Release of activation products 
The inventory of activation products in the metal parts of the fuel assemblies has often been assigned 
to the instantaneously accessible fraction, since it has been considered unnecessary to develop a 
model for the metal parts as nuclides in these are dispersed by the buffer. However, in the corrosion 
scenario this assumption would lead to unrealistically high releases of e.g. Ni-59 and Nb-94. 
Therefore, corrosion of metal parts of the fuel assemblies is included in the near-field model, with 
corrosion rates given in the Data report. The geosphere transport and the release-to-dose conversion 
in the biosphere is done as for the bulk of the nuclides, i.e. with the far-field model FARF31 and 
using LDF values. The fraction of the inventory for which corrosion of metal parts determines the 
release rate is called the corrosion release fraction, CRF. The CRF is given in the Data report, in the 
same manner as other fractions of the inventory. 

Release of instantaneous release fraction 
The fraction of the inventory assumed to be instantaneously released from the fuel upon water 
contact is expected to be released to the geosphere in a matter of years in the corrosion scenario, 
since the flow rates at the deposition positions with the eroded buffer and failed canister are high, see 
further Table 13-4. Since these nuclides are in general non-sorbing and since the flow related retarda-
tion properties in the geosphere are poor for the flow paths associated with the deposition positions 
in question, they are generally released as pulses of durations of tens of years from the geosphere 
to the biosphere. In this case, the LDF values would yield overly pessimistic estimates of doses, as 
discussed in Section 13.2.3. Therefore, the LDF pulse values given in Table 13-2 are applied to the 
total IRF inventory in a canister at the time of canister failure for Cl-36, Ni-59, Se-79, Nb-94, Tc-99, 
Sn-126, I-129 and Cs-135. A number of nuclides with an IRF, and with half-lives up to 10,000 years 
(e.g. Sr-90, Cs-137, C-14), were excluded from the analysis since they would decay to insignificance 
before a failure would occur in the corrosion scenario.

Note that it is also pessimistic to apply the pulse LDF approach even though some of the species in 
some realisations of a probabilistic transport calculation in the geosphere would result in releases to 
the biosphere of longer duration. This is because the maximum dose for a given mass released to the 
biosphere is obtained when the entire mass is released at once, noting that the LDF pulse values are 
by definition taken for the point in time in the landscape development where the consequences are 
maximal. 
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Note also that it is pessimistically assumed that the development of the canister failure is such that 
all the fuel rods become accessible simultaneously, i.e. a sudden breaching of the cladding for all 
fuel rods is assumed. 

The handling assumes that if several canisters fail, no two canisters will affect the same biosphere 
object simultaneously. This is justified by the fact that on average less than one canister fails due to 
advection/corrosion and further since calculated failure times are spread over hundreds of thousands 
of years. 

13.5.3 Input data to transport models
Input data to the transport models for the corrosion scenario are summarised in Table 13-3. All data 
in the table are qualified in the Data report, except the failure times that are obtained as output from 
the erosion/corrosion calculations reported in Section 12.6.2 and in detail in / SKB 2010d/. However, 
the input to those latter calculations is qualified in the Data report.

Table 13-3. Input data for the corrosion cases. 

Entity Nuclide/ 
Element  
specific

Data Section 
in Data 
report

Number of failed canisters – As calculated with corrosion model, see Section 12.6.2. –
Failure times – As calculated with corrosion model, see Section 12.6.2. –
Radionuclide inventory N Mean inventory taken over all fuel types. 3.1
Instantaneous release fraction of 
inventory

N Distributions according to the Data report. 3.2

Corrosion release fraction of inventory N Distributions according to the Data report. 3.2
Corrosion release rate – Log-triangular (10−4/yr, 10−3/yr, 10−2/yr) 3.2
Fuel dissolution rate – Log-triangular (10−8/yr, 10−7/yr, 10−6/yr) 3.3
Concentration limits E Calculated distribution based on distribution of several 

groundwater compositions*
3.4

Rock porosity – Constant = 0.0018 6.8
Rock diffusivities – Log-normal distributions; mean values:

Cations: 6.6·10−7 m2/yr
Anions: 2.1·10−7 m2/yr

6.8

Rock partitioning coefficients E Truncated log-normal distributions 6.8
Hydrogeological data related to flow  
and transport

Darcy flux at deposition hole (U0)

Rock transport resistance, F, for paths 
beginning at release point Q1

Rock advective travel time, tw, for paths 
beginning at release point Q1

– Correlated distributions from several DFN model  
calculations propagated from hydrogeological  
analyses:

Uncorrelated model
Base case and 5 additional realisations

Semi-correlated model
Base case and 10 additional realisations 

Fully correlated model
Base case and 5 additional realisations

Only deposition holes where failures occur are included. 

6.7

Rock Peclet number – Constant = 10 6.7
Max. penetration depth in rock matrix – Constant = 12.5 m 6.7
Biosphere LDF factors N Calculated LDF values, see Section 13.2. 7.2

* As noted above, concentration limits are not applied in the central corrosion case, with the exception of U. Concentra-
tion limits for U, and for other elements to be used in other calculation cases, are calculated probabilistically by using 
distributions of groundwater compositions for either temperate, permafrost, glacial or submerged conditions and combin-
ing the calculated distributions into the one distribution used in the transport calculation. See further the Radionuclide 
transport report, where also sensitivities to different groundwater types, thermodynamic data etc. are analysed.
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Hydrogeological data related to flow and transport
Hydrogeological data, obtained from the modelling described in Section 10.3.6 are used. As described 
in Section 10.3.6, three fracture size/transmissivity correlation functions are considered yielding 
three variants of the hydrogeological DFN model. Several realisations of each of these three variants 
are propagated to the corrosion scenario, see Table 13-3. In a probabilistic central corrosion case, 
data from all the ten additional realisations of the semi-correlated DFN model are used. In all 
calculations for this scenario, deposition positions are rejected according to the EFPC criterion 
(Section 5.2.2) in the output from the hydrogeological modelling. 

It is only data for the few deposition holes for which canister failures due to corrosion occurs that 
are used for this corrosion case. This means that all deposition holes of relevance experience a high 
flow rate and in general also a low geosphere transport resistance, since these properties are strongly 
correlated. 

Data for the four deposition holes of relevance for the base case realisation of the semi-correlated 
DFN model are given as an example in Table 13-4. The advective flow through the deposition hole, 
q, is obtained from the hydrogeological calculations and multiplied by a factor of two to account for 
the locally increased flow due to the void from the eroded buffer.

It is noted that the calculated hydraulic and transport properties of these deposition holes are from 
the extreme tails of distributions derived from a complex hydrogeological model with stochastic 
components (the generated fracture network). All ten realisations of the semi-correlated model 
variant are used in order to obtain more reliable representations of these tails. (For the uncorrelated 
and fully correlated DFN model variants, for which consequences are analysed in Section 13.5.6, all 
five available realisations are used.)

Figure 13-14 is a graphical representation of failure time vs F-value for the deposition positions 
where failures occur in three of the cases propagated from the analysis of containment potential for 
the corrosion scenario. The figure shows results obtained with the base case realisations of the semi-
correlated, uncorrelated and fully correlated hydrogeological DFN models, respectively.

13.5.4 Calculation of the central corrosion case 
Deterministic calculations
Figure 13-15 shows near-field releases converted to dose equivalent releases through multiplying 
the release rate by the LDF-value for each nuclide in a stylised, deterministic case where a canister 
is assumed to fail at 114,000 years after deposition (the earliest failure time of the analysed 
realisations). As mentioned in Section 13.4.3, the conversion to dose is done to obtain a convenient 
measure of the impact of the releases, where also a total measure is obtained as the summed dose. 
Advection occurs in the buffer void and the dose equivalent releases are primarily determined by the 
fuel dissolution rate set to 10−7/yr. The contributions from the instantaneously released fraction of 
nuclides, IRF, are not included in the figure, since it is more convenient to show these separately. 

Table 13-4. Data for the four deposition holes where canisters fail due to advection/corrosion for 
the base case realisation of the semi-correlated DFN model. The ten additional realisations are 
used in the calculations below. 

Time of failure  
(yr)

Rock transport resistance, F  
(yr/m)

Advective travel time, tw  
(yr)

Advective flow through deposition hole q  
(m3/yr)

200,786 471,800 122.6 0.144
218,215 149,800 27.54 0.166
299,149 11,970 23.14 0.084
886,073 35,890,000 1,968 0.026
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Figure 13-14. Graphical representation of pairs of failure times and F values for base case realisations of 
the semi-correlated, uncorrelated and fully correlated hydrogeological DFN models propagated from the 
analysis of containment potential for the corrosion scenario.
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Figure 13-15. Near-field annual effective dose equivalent release for a deterministic calculation of the 
central corrosion case. The legends are sorted according to descending peak annual effective dose over 
one million years (given in brackets in µSv). The curves for Nb-94 and Ni-59 are hidden under the curve 
showing the total dose.
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The dose equivalent releases caused by releases from the near field are dominated by Nb-94, Ni-59 
and Ra-226. Most uranium released from the fuel is precipitated in the canister interior, since the 
concentration limit of uranium always applies because of the large amount of U-238 present, see 
Section 13.5.2. The precipitated uranium isotopes U-234, U-233 and U-235 generate the daughter 
nuclides Th-230, Th-229 and Pa-231, respectively. 

The dose equivalent releases from the geosphere for the same calculation case are shown in 
Figure 13-16. The doses caused by releases from the far field are dominated by Ra-226, Ni-59, 
Se-79, Np-237 and I-129. It is noted that the peak dose appears at the end of the assessment period 
in Figure 13-16, indicating that the time of the peak dose is not strongly related to the time of the 
canister failure. This also indicates that a distribution of failure times will not cause risk dilution, 
an issue that is addressed further in Section 13.9.4.

The numerical calculation results have been compared to results obtained with analytical models and 
the agreement is good. This was expected since the situation to model is simple and the release rates 
straightforward to express analytically. See further Section 13.5.10.

Table 13-5 shows peak annual doses from the pulse releases from the instantaneously released frac-
tion, IRF, for the deterministic calculation. The IRF inventory at 100,000 years has been multiplied 
by the pulse LDF values given in Table 13-2. 

It is noted that these doses are, for some nuclides, higher than the peak doses from the continuous 
releases in Figure 13-16. 

Figure 13-16. Far-field annual effective dose for a deterministic calculation of the central corrosion case. 
The legends are sorted according to descending peak annual effective dose over one million years (given in 
brackets in µSv).
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Probabilistic calculation 
Figure 13-17 shows near field dose equivalent releases for a probabilistic calculation encompassing 
2,800 realisations with input data distributions according to Table 13-3. Input distributions of failure 
times and geosphere transport data were obtained from the ten realisations of the semi-correlated 
DFN model, each yielding data for the ensemble of 6,000 canisters. Figure 13-18 shows the corre-
sponding far-field releases. The first releases occur after around 114,000 years when the first canister 
fails. The average number of failed canisters in the probabilistic calculation of failure times is 0.12, 
see Section 12.6.2. This is reflected in the calculation results here. 

The dose equivalent releases from the near field and the dose after transport through the geosphere 
are both dominated by Ra-226. Much of the Ra-226 released from the near field is transmitted 
through the geosphere since the failed canisters are located in deposition holes intersected by large, 
highly transmissive fractures with low retention. The release of Ra-226 from the geosphere is almost 
exclusively due to Ra released from the near field and not to in-growth in the geosphere. This, in 
turn, is related to the fact that the parent nuclide Th-230 is assumed to be confined to the near field.

The failure times are reflected as distinct features in the release curves, in particular for the near 
field. The pulse like features are due to release controlled by corrosion of the metal parts of the fuel 
assemblies (e.g. Ni-59 and Nb-94). The corrosion times (ranging between 100 and 10,000 years, see 
Table 13-3) are such that the releases appear as pulses on the time scale of the dose curves.

Some statistics for the far-field release are shown in Figure 13-19. Note that these are derived only 
for the realisations of the failure times where failures actually occur in the corrosion calculations. 
Since the mean number of failed canisters is about 0.12, the most likely outcome of the corrosion 
calculations is zero failures. This is not reflected in the percentiles in Figure 13-19, other than for the 
mean value. Taking this into account would bring the 99th and 95th percentiles closer to the mean. 

Contribution from the IRF pulse
The contribution from the IRF pulse in the probabilistically calculated mean dose is treated as 
follows. The probability of canister failure, pFail, is determined for each 100,000 year interval from the 
calculated distribution of canister failure times for the central corrosion case. The width of the dose 
curves in the biosphere is typically 1,000 years. The likelihood that an exposure due to a pulse release, 
pExpo, is present at a given point in time during the 100,000 year interval is thus 10−2	· pFail. (The likeli-
hood of overlaps between pulses is very small due to the low probabilities.) The total dose associated 
with a pulse release DTotPulse is determined at the start of each 100,000 year interval. The probabilisti-
cally calculated mean dose is then obtained as DTotPulse

 · pExpo. The result of this procedure for the 
central corrosion case is shown in Table 13-6. As seen in the table, the highest mean dose is around 
1.0·10−3	μSv,	i.e.	more	than	four	orders	of	magnitude	below	the	dose	corresponding	to	the	risk	limit.	
The pulse releases thus give negligible contributions to the probabilistically calculated mean dose. 
They do, however, need to be considered in the account of risk dilution. This is done in Section 13.9. 
It is also noted that this treatment assumes that temperate conditions are prevailing. Including prob-
abilities of periglacial and glacial climate conditions would reduce the mean dose further. 

For other calculation cases of the corrosion scenario, the pulse contribution to the mean dose is not 
calculated. All cases are, however, considered in the treatment of risk dilution, see Section 13.9.4.

Table 13-5. Peak annual dose from the pulse releases from the instantaneously released fraction, IRF. 

Nuclide Peak annual dose 
(µSv)

Nuclide Peak annual dose  
(µSv)

Cl-36 0.12 Tc-99a 6.8
Ni-59 0.012 Sn-126 0.019
Se-79 1.72 I-129 3.82
Nb-94 0.026 Cs-135 0.21

aThis value applies to the near-field dose equivalent release only. The far-field pulse release is modelled with the 
far-field transport model since sorption in the geosphere is considerable for Tc-99. The pulse release of Tc-99 is thus 
included in the results shown in Figure 13-16.
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Figure 13-17. Near-field mean annual effective dose equivalent release for a probabilistic calculation of 
the central corrosion case. The average number of failed canisters is 0.12. The legends are sorted accord-
ing to descending peak mean annual effective dose over one million years (given in brackets in µSv).
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Figure 13-18. Far-field mean annual effective dose for the same case as in Figure 13-17. The legends are 
sorted according to descending peak mean annual effective dose over one million years (given in brackets 
in µSv).
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13.5.5 Analysis of potential alternative transport conditions/data
The transport data used in the calculation of the probabilistic central corrosion case are those provided 
in the Data report and presented in Table 13-3. The data have been selected for certain conditions 
and, in the following, it is analysed i) whether the evolution in the corrosion scenario is compatible 
with these conditions and ii) whether any alternative evolutions of the system, that could imply less 
favourable transport conditions, need to be considered. 

This analysis corresponds to the analysis of the possible routes to alternative containment conditions 
in Section 12.6, but is simplified based on the analyses already made in the derivation of data in the 
Data report.

Table 13-6. Contribution from the pulse release for the probabilistically calculated mean dose for 
the central corrosion case. 

Time interval [yr] pFail pExpo DTotPulse  
[μSv]

Mean dose  
[μSv]

0–100,000 0 0 0 0
100,000–200,000 1.25·10–2 1.25·10–4 5.92 7.4·10–4

200,000–300,000 4.17·10–3 4.17·10–5 5.54 2.3·10–4

300,000–400,000 1.04·10–2 1.04·10–4 5.25 5.5·10–4

400,000–500,000 8.33·10–3 8.33·10–5 5.01 4.2·10–4

500,000–600,000 1.46·10–2 1.46·10–4 4.81 7.0·10–4

600,000–700,000 1.46·10–2 1.46·10–4 4.64 6.8·10–4

700,000–800,000 1.25·10–2 1.25·10–4 4.49 5.6·10–4

800,000–900,000 2.29·10–2 2.29·10–4 4.37 1.0·10–3

900,000–1,000,000 1.67·10–2 1.67·10–4 4.26 7.1·10–4

Figure 13-19. Far-field annual effective dose (mean, median, 95th and 99th percentiles) for the probabilis-
tic calculation of the central corrosion case.
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Number of failed canisters and failure times
The number of failed canisters is an outcome of the analysis of the containment potential for the 
corrosion scenario, and has thus been exhaustively analysed in Section 12.6.2. This led to several 
corrosion variants for which consequences are analysed in Section 13.5.6. 

Radionuclide inventory, IRF and CRF 
It is not relevant to include these entities here since they are not affected by external factors, but by 
conditions determining the initial state. Uncertainties related to the initial state are fully explored in 
the Data report.

Fuel dissolution rate
Introduction
At the time when water enters a failed canister, fuel dissolution is expected to begin. Based on a review 
of the experimental data available at the time / Werme et al. 2004/ suggested a constant fractional 
dissolution rate with a triangular probability density function in the log10-space with lower limit, 
best estimate, and upper limit of 10–8, 10–7, and 10–6 per year, respectively. The review of more recent 
experimental data discussed in the Fuel and canister process report and the Data report, Section 3.3, 
support these data and the mentioned distribution is qualified for use in SR-Site although support can 
be found for even lower values. The arguments for the suggested distribution presented in the Fuel and 
canister process report and the Data report are shortly summarised here, as an introduction to the 
subsequent discussion of its robustness under conditions that lead to the analysed failure scenarios. 

Fuel dissolution has been implemented in the near-field transport model as two components. One 
component represents fuel being mobilised at a rate described by the fuel corrosion rate (i.e. the 
oxidative dissolution rate of the fuel). In the model the fuel corrosion rate, given by the foremen-
tioned distribution, is constant and independent of the concentration of uranium species in the 
intruding water. The other component represents fuel dissolution due to the upholding of the U(IV) 
concentration at the solubility limit, which is pessimistically assumed high. In general, the former, 
oxidative component dominates over the latter non-oxidative component for the data on corrosion 
rate, groundwater flow and uranium solubility used in SR-Site. 

The suggested distribution corresponds to fuel dissolution rates calculated from laboratory studies 
spanning up to four years. Since the expected repository environment is reducing, the fuel dissolu-
tion rate adopted in the analysis must be the one expected in an oxygen-free environment and in the 
presence of iron and its anoxic corrosion products. However, oxidants are also produced radiolytically. 
Therefore, the experimental data upon which the analysis is based have been obtained both with rela-
tively	fresh	spent	fuel,	and	α-doped	UO2 (UO2(s) doped with the alpha-emitters U-233 or Pu-238). 

Fresh spent fuel represents the real properties of the fuel matrix, but has an unrealistically high radia-
tion	field	with	large	contribution	of	β-	and	γ-radiations.	For	this	reason	it	is	tested	under	relatively	
high	hydrogen	concentrations	(>	1	mM).	On	the	other	hand,	α-doped	UO2 represents better the 
radiation field of the fuel expected to contact groundwater, but does not represent other properties 
of the fuel matrix. In this case the data have been obtained with low concentrations of reductants, 
or no reductants present.

For all fuel dissolution studies carried out in the presence of hydrogen or actively corroding iron, the 
levels of molecular oxidants in the solution or gas phase are below the detection limit and the same 
holds for oxidised states of all redox sensitive radionuclides. The release rates of non-redox sensitive 
fission products such as Cs and Sr decrease by more than two orders of magnitude during one year. 
The absence of oxidised species in the test solutions in spite of the relatively high radiation field 
of fresh spent fuel shows that radiolytic oxidants have been consumed either by oxidising the fuel 
surface or by recombining with hydrogen to give water. Post leaching spectroscopic analysis of fuel 
surfaces shows no signs of surface oxidation.
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Experimental studies with UO2, doped with the alpha-emitters U-233 or Pu-238, have been carried 
out in the presence of low concentrations of dissolved hydrogen, sulphide ions or actively corroding 
iron. These experiments with alpha-doped UO2(s) indicate clearly that the presence of a small 
amount of sulphide and strict anoxic conditions are sufficient to cancel any oxidising effect due to 
α-radiolysis	from	a	few	thousand	year	old	fuel.	In	most	tests	with	U-233-doped	UO2 (0, 5 and 10%) 
under inert (N2) and reducing (Fe(s)) conditions, very low total uranium concentrations were meas-
ured, especially in the presence of an iron strip. Estimation of the matrix dissolution rate confirms 
previously measured low values.

An UO2 pellet with a high doping level (385 MBq/g corresponding to 50 years old fuel) was tested 
more	recently	/	Muzeau	et	al.	2009/,	and	a	very	clear	effect	of	α-radiolysis	was	observed	under	
Ar atmosphere, with U concentrations increasing quickly with time in carbonate solutions. The 
same system, tested under 1 bar H2 atmosphere, showed a slight decrease in U concentration. This 
suppressing effect of hydrogen, indicates that oxidative dissolution (corrosion) of fuel occurs at 
extremely low rates if at all in an environment similar to that expected in the failed canister. 

As discussed in the Fuel and canister process report, similar or lower rates are estimated by an 
electrochemical model, from experimental data in an EU project and by a steady-state fuel dissolu-
tion model which uses experimentally determined kinetic parameters and accounts for the effects of 
the presence of both Fe(II) and hydrogen.

The driving force for the oxidative dissolution (or corrosion) of spent fuel is its radiation field, which 
decreases with time due to radioactive decay. This decrease is taken into account in fuel dissolution 
models used in other studies of geologic disposal, leading to a lower production of radiolytic 
oxidants with time and decreasing dissolution rates. Even though there is hardly any uncertainty in 
the fact that the radiolytic dissolution rate of spent fuel will decrease with time, the SR-Site model 
pessimistically neglects this decrease and assumes a constant dissolution rate, which varies within 
broad ranges to cover conceptual and other uncertainties.

The following is a summary of conditions for which the range of fuel dissolution rates given in 
the Data report is valid. For each condition, a brief discussion of whether it can be considered as 
fulfilled for the possible evolutions discussed in SR-Site is provided.

Redox conditions
Range in which the fuel dissolution rate is valid according to the Data report: In the corrosion scenario, 
canister failures occur after typically hundreds of thousands of years. In such time frames, the alpha 
radiation field of the spent fuel is expected to have decreased to such low levels that there will be no 
measurable effect of alpha radiolysis on fuel dissolution, see the Fuel and canister process report. 
After a canister failure, the hydrogen producing iron corrosion of the insert will continue for tens 
of thousands of years. As long as there is corroding iron, both hydrogen and Fe(II) concentrations 
will be sufficient to assure reducing conditions. If the groundwaters penetrating the failed canister 
contain sulphate, microbial sulphate reduction might result in the precipitation of Fe(II)-sulphide. 
In the longer perspective, the Fe(II) concentrations and the redox potential of groundwaters inside 
the canister will be determined by equilibrium with magnetite or possibly iron sulphides, while 
hydrogen concentrations may decrease to those produced by water radiolysis when all metallic 
iron has corroded.

If the reducing conditions in the flowing groundwaters are disturbed by penetration to repository 
depth of oxidising glacial melt waters, the fuel may dissolve at higher rates. However, the reducing 
capacity of the canister components needs to be considered since a continuous supply of oxidants 
is needed to support a higher dissolution rate. About 4·10−3 moles of oxygen/year are needed to 
support a fuel corrosion rate of 10−6/year (neglecting any consumption of oxygen by interaction with 
magnetite, sulphides or copper). This means that both the redox potential of the groundwater and the 
mass-balance of oxygen need to be considered. Under oxidising conditions with PO2 up to 0.2 bar, 
that is, air saturation, the long term rates measured at the pH interval 7 to 9 / Forsyth and Werme 1992, 
Forsyth 1997/ may be used, and the spent fuel dissolution rate is then in the interval 10−4 to 10−5/year. 
All other environmental parameters (temperature, pH etc.) affect in various degrees the dissolution 
rate under oxic conditions, but they are discussed below only for reducing conditions because limit-
ing rates have been defined for oxidising conditions, as set out above. 
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Ranges in evolution cases studied: The possibility of oxidising conditions has been extensively 
studied, since it also would affect canister corrosion negatively, see in particular Section 12.6.2. 
The conclusion was that oxidising conditions can be ruled out.

Need for assessments of additional evolutions: The analysis of a glacial episode in Section 12.6.2 
shows that the penetration of oxygen rich glacial melt waters is a low probability event that is 
deemed to be possible only if a set of extreme assumptions are made. However, even if these 
extreme assumptions were to be assumed, and oxygen postulated to reach a breached canister, the 
large reducing capacity of the remains of the failed copper canister and of the iron insert, would 
imply that anoxic conditions would prevail inside the canister. Even if the mass transfer of oxygen 
to the canister were to be higher than 4·10−3 moles/year, it is unreasonable that all the oxygen would 
react with the fuel. The remaining copper and the iron/iron corrosion products would act as a sink 
and consequently no additional evolutions need to be assessed.

pH
Range in which the fuel dissolution rate is valid according to the Data report:	4	<	pH	<	11.

Ranges in evolution cases studied: The possibility of high pH conditions has been extensively stud-
ied in the buffer alteration scenario, since it also would affect the buffer negatively, see Section 12.4. 
There, it is concluded that pH values above 11 can be excluded. The possibility of low pH conditions 
has been studied in the corrosion scenario, since it also could affect canister corrosion negatively 
in combination with high chloride concentrations, see Section 12.6. There, it is concluded that pH 
values below 6.3 can be excluded.

Need for studies of additional evolutions to rule out unfavourable pH conditions: None, since 
exhaustive such studies have already been performed.

Temperature
Range in which the fuel dissolution rate is valid according to the Data report:	<	70°C.

Ranges in evolution cases studied: Elevated temperatures only occur early in the repository evolu-
tion, see Section 10.3.4, whereas canister failures in the corrosion scenario occur after typically 
hundreds of thousands of years. In such time frames, the fuel temperature is close to the background 
temperature	of	the	host	rock,	i.e.	well	below	70°C.

Need for studies of additional evolutions to rule out unfavourable temperature conditions: None 
according to the above.

Ionic strength
Range in which the fuel dissolution rate is valid according to the Data report: Up to 1 M ionic 
strength and there is no indication for increased fuel dissolution rates even at higher ionic strengths.

Ranges in evolution cases studied: The ionic strengths of groundwaters expected during the whole 
period of repository evolution are lower than 0.5 M. 

Need for analyses of additional evolutions to rule out unfavourable ionic strengths: The groundwater 
data at Forsmark indicate that the salinity has been stable during the Weichselian, and large oscil-
lations in groundwater salinities are therefore not expected in the future. The analysis of different 
possible climatic episodes presented in Sections 10.3.7 and 10.4.7 shows that salinity can increase 
due to upconing during the short glacial transit above the repository area. The analyses reported 
in Sections 10.4.6 and 10.4.7 show that the upconing effect is moderate and the resulting ionic 
strengths in the repository volume are below 0.5 M. Because the most pronounced upconing takes 
place during an ice advance, where the ice profile is steepest, the analysis of the reference evolution 
includes the highest salinities that can be expected at Forsmark, and no additional analyses are required.
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Chemical influence of major and minor groundwater components
Range in which the fuel dissolution rate is valid according to the Data report: HCO3

−	<	0.01	M.	The	
beneficial effect of molecular hydrogen in homogeneous radiolysis is based on its reaction with the 
OH-radical, which converts the very oxidising radical (OH·) to water and a very reducing radical 
(H·). Bromide ions are strong reductants and react ~250 times faster with the OH-radical than the 
H2 molecule. It is said that bromide scavenges the OH-radical, thus decreasing the beneficial effect 
of hydrogen on homogeneous water radiolysis. The radical-rich beta and gamma radiations are 
expected to have decayed to negligible levels at the time of canister failure in the corrosion scenario. 
This together with the absence of very saline waters during repository evolution and the very low 
alpha activity makes any influence of bromide on fuel dissolution very improbable. 

Ranges in evolution cases studied: The carbonate concentrations during the whole repository evolu-
tion are expected to be below 0.01 M.

Need for analyses of additional evolutions to rule out unfavourable conditions: The total concentration 
of inorganic carbon, which at pH values close to neutral is close to the concentration of HCO3

−, is 
highest in the upper parts of the rock where recharge of meteoric waters dominates, because several 
biological processes produce CO2 in the soil. In deep saline waters, rich in Ca2+, the concentration 
of carbonate is kept low because of equilibrium with calcite. Typical carbonate concentrations for 
waters at Forsmark are illustrated in Figure 10-45. Thus, the only process that can increase bicarbonate 
concentrations in groundwaters is the enhanced infiltration of fresh meteoric waters. The data at 
Forsmark shows that the waters having a large influence of meteoric recharge all have carbonate 
concentrations around or below 0.01 M, and it is therefore concluded that there is no need to analyse 
the fuel dissolution rate for higher total carbonate concentrations.

Additional factor identified: Transport of uranium with clay colloids in the groundwater 
When the buffer is partially or completely eroded, a cavity filled with a slurry of water containing 
colloidal clay particles may exist in the deposition hole. Should the canister be breached under 
such circumstances, the clay particles are not expected to affect the fuel dissolution rate. Dissolved 
U(IV) would, however, be expected to sorb strongly to the clay particles. This sorption increases 
the amount of U(IV) released in solution from the re-precipitated UO2(s) or the fuel matrix. In this 
case, the amount of U(IV) sorbed on clay particles may be calculated as the Kd value for U(IV) on 
clay particles multiplied by the U(IV) concentration in solution, determined by UO2(s) solubility. 
No limit to the U(IV) release rate from UO2(s) to satisfy U(IV) solubility limits in the canister void 
is then posed. In the case when all re-precipitated UO2(s) is dissolved due to sorption to clay particles, 
the remaining U(IV) needed to saturate clay particles is released from the fuel matrix, resulting in 
an increase of the fuel dissolution rate. To calculate this enhanced U release, the values for UO2(s) 
solubility and Kd for U(IV) on clay particles are taken from the Data report, while the concentration 
of clay particles and water flow depend on the scenario analysed.

Need for studies of additional evolutions to rule out unfavourable conditions: Fuel dissolution in the 
presence of a clay slurry needs to be considered. This is done as described below.

The eroded void volume of the deposition hole is assumed to be filled with clay particles that enhance 
the dissolution rate of the UO2 fuel matrix. The outward transport rate of U, RU (mole/yr), is then 
obtained as 

RU = CSolU·q·(1+CClay·Kd)

where

CSolU is the solubility of U(IV) (mole/m3),

q is the advective flow at the deposition hole (m3/yr),

CClay is the concentration of clay in the flowing fluid (kg/m3), 

Kd is the partitioning coefficient between solid phase and solution for U in a clay slurry (m3/kg).
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In / Birgersson et al. 2009/ the void ratio when the transport of bentonite is by colloid dispersion is 
determined to be 73, which corresponds to a dry density of 37.6 kg/m3. This concentration will not 
be maintained in a large void in the deposition hole, since there will be a concentration gradient from 
the source of the colloids to the fuel. The location of the source could be remaining bentonite in the 
deposition hole, the backfill in the tunnel or through a fracture from another deposition hole/tunnel 
in the repository. Since it is impossible to determine the location of the source, and it may change 
with time, the value for CClay cannot be calculated. Instead a fixed value of 10 kg/m3 is selected and 
judged to be a reasonable estimate of an upper bound of the mean value taken over the entire void 
volume.

Using CClay = 10 kg/m3 and distributions of Kd, CSolU and q for the central corrosion case, the con-
tribution from U transport on clay particles to the fuel dissolution rate is calculated probabilistically 
and compared to the probabilistically sampled ordinary fuel dissolution rate for the central corrosion 
case, see Figure 13-20.

It is obvious from the figure that the contribution to fuel dissolution from U transport is negligible.

The following is noted.

•	 This	process	is	only	active	during	the	relatively	limited	periods	when	the	deposition	position	is	
exposed to dilute groundwater such that clay colloids can form.

•	 Inflowing	groundwater	may	have	U	concentrations	exceeding	10−9 mol/L, but the influence of 
the occupation of sorption sites of clay particles by natural uranium present in the groundwater is 
pessimistically neglected. 

•	 Should	sorption	to	clay	colloids	be	modelled	as	irreversible	and	assuming	that	all	sorption	sites	
were to be occupied by U, then a transport rate of the order of 2.5·10−2 moles/yr is calculated 
for a sorption site density of 2.5·10−5 moles/g / Ochs and Talerico 2004/, q = 100 L/yr, and 
CClay = 10 g/L. This, in turn, corresponds to a fuel dissolution rate of approximately 3·10−6/yr, i.e. 
slightly higher than the maximum value of the “ordinary” distribution. Irreversible sorption, as 
well as U occupancy of all available sites is, however, ruled out for the conditions in the deposi-
tion hole, based on the description of the sorption process in the Buffer, backfill and closure 
process report.

Figure 13-20. Cumulative distributions of fuel dissolution rate. The contribution from clay assisted U 
transport has a negligible impact on the distribution for the ordinary matrix conversion rate. 
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Intrinsic conditions
The following intrinsic conditions/processes have been considered in the Fuel and canister process 
report which provided the bases for the derivation of fuel dissolution data in the Data report: Alpha 
self irradiation, enhanced diffusion (ASIED), helium build-up and the influence of high burn-up.

Conclusion
Based on the above account, it is concluded that the distribution of fuel dissolution rates given in the 
Data report is valid for all evolutions that need to be considered in SR-Site, even for groundwater 
conditions in which a clay slurry may contribute to the outward transport of uranium. 

Metal corrosion rate
Range in which metal corrosion release rates are valid: The release rates of the activation products 
from the metallic parts given in the Data report are based on a range of corrosion rates for stainless 
steel under anoxic conditions. These corrosion rates were estimated from a number of relevant 
studies	carried	out	at	temperatures	up	to	140°C	and	salinities	up	to	anoxic	sea	water.	The	important	
parameters are thus salinity (especially chloride concentration) and redox conditions.

Ranges in evolution cases studied: In the corrosion scenario, canister failure occur after typically 
hundreds of thousands of years. In such time frames, the fuel temperature is close to the background 
temperature of the host rock, i.e. no increase of corrosion rates due to high temperatures is expected. 
The highest chloride concentrations expected during the whole repository evolution time are of the 
order 0.35 mol/L, i.e. much lower than in anoxic sea water. Hence the corrosion rates used in the 
Data report are valid (with a large margin) for the corrosion scenario.

Need for analyses of additional evolutions: The important parameters for the metal corrosion rate 
are the chloride concentrations and the redox conditions. As stated in the previous section about fuel 
dissolution, the analysis of the reference evolution includes the highest salinities that can be expected 
at Forsmark. The analysis of the redox conditions for the reference evolution shows a variability of 
redox potentials, always with anoxic conditions. Only the penetration of oxygen rich glacial melt 
waters can possibly lead to a deviation, and as described in Section 10.4.7 this is a very low prob-
ability event that is deemed to be possible only if in addition a set of extreme assumptions are made. 
Even if extreme assumptions were to be made, and oxygen postulated to reach a breached canister, 
the large reducing capacity of the remains of the failed copper canister and of the iron insert, would 
imply that anoxic conditions would prevail inside the canister. It is therefore concluded that there are 
no additional evolutions that need to be assessed.

Rock porosity, rock diffusivities and rock sorption coefficients 
Rock porosity and effective diffusivity
The rock porosity and effective diffusivity provided in the Data report (Section 6.8) are valid for 
all conditions in the host rock during repository evolution. The host rock conditions discussed in 
the Data report are groundwater composition, in-situ temperature, and in-situ stress. However, it is 
argued that the effective diffusivity and, especially, the porosity are relatively insensitive to host rock 
conditions. 

Concerning the groundwater composition, which affects the porewater composition, the salinity may 
affect the degree of anion exclusion in the porous system. This is judged to have an insignificant 
effect on the porosity but a minor effect on the effective diffusivity. In the Data report, this is 
treated as data uncertainty, and the data provided should encompass not only reasonable groundwater 
compositions during repository evolution, but also a larger range of groundwaters seen in crystalline 
rock. Also, anions are transported through the geosphere virtually without retention in the corrosion 
scenario, i.e. it is not warranted to explore even less favourable cases of anion exclusion.

The in-situ temperature affects the diffusivity in free solution, as described by well known relations, 
and thus also the effective diffusivity. The data provided are valid for temperatures ranging from 
somewhat elevated temperatures, compared to present day conditions, to temperatures just above 
freezing. Within this temperature range, the variation in the effective diffusivity is small. To exemplify, 
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the diffusivity at room temperature is about a factor of two larger than that at temperatures just above 
freezing. This is treated as data uncertainty in the Data report. Since temperatures below freezing 
are irrelevant and since temperatures above present day values are favourable, there is no reason to 
explore more extreme cases than those covered by the Data report.

The porosity provided in the Data report is based on laboratory measurements at atmospheric pres-
sure. However, corrections are made so that the data given should represent in-situ stress conditions. 
The provided effective diffusivity is based on measurements at, and should represent, in-situ stress 
conditions. The in-situ stress will change during the glacial cycle, primarily due to the extra load 
from an ice sheet during glaciation. However, this additional stress is judged to have a very minor 
effect on the porosity and minor effect on effective diffusivity, and is treated as data uncertainty in 
the Data report. Also, in the ‘Canister failure due to isostatic load’ scenario, Section 12.7, maximum 
ice thicknesses were found to be within the range covered by the input to the determination of poros-
ity data in the Data report.

Finally, it is seen as unlikely that potential erosion products from the buffer would act as diffusion 
resistance at the fracture/rock interface, preventing radionuclides from entering the microporous 
system. 

In summary, there is no need for additional studies, as the subject has been exhaustively studied and 
the data are provided in the Data report. 

Pore connectivity
An entity closely related to the effective diffusivity is the pore connectivity. In the Data report the 
in-situ pore connectivity is suggested to be unlimited on all scales relevant for safety assessment cal-
culations (that is on the scale of at least several tens of metres). During glaciation, the microporous 
system could be affected by the additional in-situ stress originating from the ice cap. However, this 
effect is included in the data uncertainty assessment of the effective diffusivity, and even at glacia-
tion unlimited pore connectivity is expected. 

Also, for the transport conditions in the corrosion scenario, the pore connectivity would have to be 
reduced to the centimetre scale before affecting the geosphere retention in any significant way. 

Sorption partitioning coefficient
The sorption partitioning coefficient, Kd, is for many radionuclides sensitive to conditions in the host 
rock. In the Data report the groundwater composition is singled out as the most important condi-
tion, while in-situ temperature and stress are subordinate conditions with a minor or even very minor 
impact. For radionuclides sorbing by surface complexation, pH, the carbonate concentration and the 
concentrations of various other ligands that can directly compete to bind radionuclides at the expense 
of sorption, are of importance. For radionuclides sorbing by cation exchange, the concentrations of 
competing cations are of importance. 

For many nuclides, the Kd value is sensitive to redox conditions, which are determined by the pres-
ence of redox controlling pairs such as Fe2+/Fe(OH)3 or SO4

2−/FeS(am), and is also related to pH and 
dissolved carbonate concentration. The redox conditions of the host rock are discussed in Section 6.1 
of the Data report. 

In the case of nuclides sorbing by cation exchange, Kd values have been corrected to encompass the 
range of groundwater compositions projected during repository evolution. Input data for this correc-
tion have been modelled groundwater compositions at a great number of locations at the repository, 
delivered in Section 6.1 of the Data report. This has resulted in distributions of Kd values in which 
the lower tail of the distributions corresponds to unfavourable groundwater conditions. However, for 
nuclides sorbing by surface complexation, the complexity of the sorption mechanism has prevented 
making such detailed corrections. Here, based on expert judgment, compiled data have been sorted 
to be (fairly) representative for the Forsmark host rock, or not. Unrepresentative data have to the 
extent possible been discarded. 
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In summary, there are great uncertainties associated with Kd values, which are also reflected in the 
wide Kd ranges given in the Data report. As the lower tails of the distributions imply no geosphere 
retention for, in particular, the dose determining Ra-226 in the corrosion scenario, and as a wide 
range of conditions are covered by the data in the Data report, it is not deemed warranted to explore 
additional ranges of Kd values. In addition to the transport conditions for the central corrosion case, 
where the full range of Kd values for reducing conditions is used, also a case where rock Kd values 
for oxidising conditions are used when an ice sheet passes above the repository with flow rates also 
varying in accordance with the changing external conditions, is explored, see Section 13.5.6.

Hydrogeological data related to flow and transport 
The hydrogeologic flow-related migration data are presented in the Data report in Section 6.7. 
The different data sets that are of relevance for the corrosion scenario are:

•	 Equivalent	flow	rate	(Qeq) and Darcy flux (U0) for the Q1 release path.

•	 Flow-related	transport	resistance	(F).

•	 Advective	travel	time	(tw).

•	 Peclet	number	(Pe).

•	 Maximum	penetration	depth	in	rock	matrix	(x0).

Canister failures in the corrosion scenario occur when the buffer is lost in the deposition hole. 
Backfill material from tunnels will also be lost, but it is judged that this loss will be small relative to 
the total amount of backfilled material (Section 10.3.11) and hence not modify the flow conditions in 
the tunnels. However, flow in fractures intersecting deposition holes may be changed locally because 
of the modified properties of the fractures. Specifically, eroded buffer from the deposition holes may 
fill up the fracture void space and hence change the flow characteristics. 

Equivalent flow rate and Darcy flux
If the eroded buffer remains within the fracture close to the deposition hole, it is likely that groundwater 
flow (and associated equivalent flow rate and Darcy flux) will be decreased. Also, the radionuclide 
release rate from the near field is virtually independent of the flow rate for the transport conditions 
in the corrosion scenario. The flow rate is sufficiently high to carry away all radionuclides released 
from the spent fuel, and there is thus no need to consider higher flow rates from this point of view. 
Any reduction in flow rate due to remaining buffer in the fractures is pessimistically disregarded. 

Flow-related transport resistance and advective travel time
The flow paths through the geosphere are not believed to be affected by the modified properties 
implied by the eroded buffer. Darcy flux at deposition hole locations is inversely correlated to flow-
related transport resistance and advective travel time. Thus, if the eroded material implies a decrease 
in flow at deposition hole locations, the flow-related transport resistance and advective travel time 
will increase. Repository evolutions leading to increased flow rates were explored in the analysis 
of containment for the corrosion scenario, Section 12.6, leading to the conclusion that no additional 
cases need to be analysed with respect to corrosion, in which case essentially temperate flow rates 
were used. However, for the analysis of radionuclide transport, it is warranted to explore the effects 
of flow varying in accordance with the changing conditions during a glacial cycle. This is done as a 
variant case, see Section 13.5.6.
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Peclet number and maximum penetration depth in rock matrix
The penetration depth of the rock matrix is not assessed to be affected by the presence of buffer 
material in the fractures, see also discussion on pore connectivity above. Also, the Peclet number is 
not assessed to be affected by the presence of some buffer material in the fracture network.

No other issues of concern related to the corrosion scenario have been identified. The data presented 
in the Data report are thus judged relevant for the corrosion scenario. Furthermore, no other reposi-
tory evolutions compatible with the corrosion scenario have been identified that would imply less 
favourable flow and transport conditions.

Biosphere LDF factors
All climate conditions emerging from the analyses of the evolution of the system are covered by the 
different sets of LDFs available. LDFs for the interglacial period are used in the central corrosion case.

As concluded in Section 13.2.4, the highest doses from a constant release rate from the repository 
are expected under temperate conditions when humans are exposed to radionuclides that have 
accumulated in a wetland that has been converted to arable land, and when contaminated well water 
is utilised by human inhabitants and livestock. Hence, the LDFs for the interglacial period used in 
the calculations are maximum values during the reference glacial cycle. For the global warming 
climate case, LDFs were significantly (about an order of magnitude) larger than under the reference 
glacial cycle only for Cs-135 and U-238, see Figure 13-7. Since neither of these nuclides contributes 
significantly to the total annual dose in the corrosion scenario, there is no need to apply any LDFs 
other than those used in the central corrosion case to cover biosphere uncertainties.

Overall conclusion regarding additional cases to analyse
The analyses in this section demonstrate that i) the evolution in the corrosion scenario is compatible 
with conditions for which data in the Data report have been determined and ii) no alternative 
evolutions of the system that could imply less favourable transport conditions, need to be considered. 
However, a case with host rock conditions varying in accordance with the changing conditions 
during a glacial cycle needs to be explored.

13.5.6 Calculation of alternative cases 
Overview of cases
Figure 13-21 gives an overview of calculation cases for the corrosion scenario. The three hydro-
geological DFN models (blue) are combined with three erosion cases (red) yielding nine corrosion 
variants to consider in the derivation of calculation cases for radionuclide transport and dose. Of 
these, the three ‘no advection’ variants are not further treated as they do not lead to canister failures. 

The central corrosion case consists of the semi-correlated hydrogeological DFN model, the SR-Site 
erosion model and base case transport assumptions and data as presented above. Five cases of 
alternative transport conditions are analysed for the central corrosion variant: 

•	 A	case	with	solubilities	included.
•	 A	case	in	which	Thorium	is	assumed	to	be	mobile	in	the	near	field.	
•	 A	case	with	varying	climate	conditions.
•	 A	cases	with	colloid	facilitated	transport	in	the	geosphere.
•	 A	case	with	varying	climate	conditions	and	colloids	in	the	geosphere.

(The case mentioned in the fourth bullet point is shown only in the Radionuclide transport report.) 
The other five relevant corrosion variants are analysed for the base case transport conditions. 
Additional corrosion variants are reported in the Radionuclide transport report.
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Figure 13-21. Overview of calculation cases for the corrosion scenario.
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Mobile Thorium in the near field
Figures 13-22 and 13-23 show near-field dose equivalent releases and far-field doses, respectively, 
for the central corrosion case when disregarding sorption of Thorium in the near field. Both doses 
caused by release of Ra-226 and the total dose are lower than in the central case, showing that the 
assumption of Thorium sorption in the near field made in the central corrosion case is pessimistic. 
Note also that considerably less Ra-226 is released from the near field compared to the central cor-
rosion	case	(radiological	impact	0.0024	vs	0.38	μSv),	but	that	the	far-field	releases	are	more	similar	
(0.063	vs	0.11	μSv).	This	is	due	to	the	fact	that,	in	the	case	where	Thorium	sorption	in	the	near	field	
is disregarded, Th-230 is released from the near field and thus generates Ra-226 in the geosphere 
rather than in the near field. 
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Figure 13-22. Near-field mean annual effective dose equivalent release for the probabilistic central corro-
sion case, disregarding Th sorption in the near field. The legends are sorted according to descending peak 
mean annual effective dose over one million years (given in brackets in µSv).

Figure 13-23. Far-field mean annual effective dose for the probabilistic central corrosion case, disregard-
ing Th sorption in the near field. The legends are sorted according to descending peak mean annual 
effective dose over one million years (given in brackets in µSv).
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Solubilities included in the near field
Figures 13-24 and 13-25 show near-field dose equivalent release and far-field annual doses, respec-
tively, for the central corrosion case when including solubilities in the near field. The near-field dose 
caused by release of Pb-210 is considerably higher than for the central corrosion case since Ra-226 
is confined to the canister interior where it generates Pb-210. The far-field doses are, however, 
similar to those of the central corrosion case. Pb-210 decays considerably in the geosphere, due to in 
particular its short half-life. 

Uncorrelated and fully correlated hydrogeological DFN model
Far-field annual doses for the central corrosion case but with hydrogeological data for the uncorre-
lated relation between DFN fracture size and transmissivity used in the calculation of canister failure 
times and radionuclide transport are shown in Figure 13-26. The corresponding far-field annual 
doses for the fully correlated DFN model are shown in Figure 13-27. The mean numbers of failed 
canisters are 0.65 and 0.57, respectively, and the first releases occur after around 100,000 years.

Figure 13-24. Near-field mean annual effective dose equivalent release for the probabilistic central corro-
sion case, including solubility limits in the near field. The legends are sorted according to descending peak 
mean annual effective dose over one million years (given in brackets in µSv).
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Figure 13-25. Far-field mean annual effective dose for the probabilistic central corrosion case, including 
solubility limits in the near field. The legends are sorted according to descending peak mean annual effec-
tive dose over one million years (given in brackets in µSv).
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Figure 13-26. Far-field mean annual effective dose for a probabilistic calculation for the cor rosion failure 
with the uncorrelated hydrogeological DFN model. The legends are sorted according to descending peak 
mean annual effective dose over one million years (given in brackets in µSv).
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Cases with initial advection in all deposition holes
Consequences for the extreme case assuming initial advection in all deposition holes are shown for 
the near field and the far field in Figures 13-28 and 13-29, respectively. The mean number of failed 
canisters is 0.17. 

The first releases occur slightly before 50,000 years. The dose equivalent releases from the near 
field are dominated by pulse release from metal corrosion of Nb-94 and the more continuous release 
of Ra-226. The doses caused by releases from the far field are dominated by the pulse release from 
Nb-94 and the more continuous release of Se-79 and Ra-226.

The relatively small difference between this case and the central corrosion case is due to the fact that 
most canisters will not fail even if the buffer is missing since the time required to corrode through 
the canister exceeds the one million year assessment period for the majority of canisters.

The corresponding cases for the uncorrelated and fully correlated hydrogeological DFN models yield 
similar results, see the Radionuclide transport report. Total doses for these cases are also included 
in the summary of cases given in Figures 13-39 and 13-40 in Section 13.5.9.

Varying external conditions
Flow related transport data for temperate climate conditions are used in the above cases. The effect 
of varying flow conditions and other climate related geosphere data are analysed with the MARFA 
model.

Future climate evolution at the Forsmark site is described in detail in the Climate report and 
summarised in Section 10.4.1. Future glacial cycles will have a significant effect on groundwater 
flow and chemistry. A pessimistic abstraction of the groundwater flow field evolution is developed to 
assess the impacts of future glacial cycles on radionuclide transport in the corrosion scenario. 

Figure 13-27. Far-field mean annual effective dose for a probabilistic calculation for the corrosion failure 
with the fully correlated hydrogeological DFN model. The legends are sorted according to descending peak 
mean annual effective dose over one million years (given in brackets in µSv). 

Time (years)

Dose corresponding to risk limit

Ra226 (0.37)
I129 (0.12)
Se79 (0.068)
Np237 (0.056)
Pb210 (0.012)
Ac227 (0.0050)
Ni59 (0.0049)
Nb94 (0.0022)
Th229 (0.0015)
Pu242 (0.0014)
U233 (0.0011)
Tc99 (0.0010)
Total (0.63)

M
ea

n 
an

nu
al

 e
ffe

ct
iv

e 
do

se
 (µ

Sv
)

102

101

1

10-1

10-2

10-3

103 104 105 106



TR-11-01 675

Figure 13-28. Near-field mean annual effective dose equivalent release for a probabilistic calculation for 
the corrosion failure with initial advection in the buffer and otherwise as the central corrosion case. The 
legends are sorted according to descending peak mean annual effective dose over one million years (given 
in brackets in µSv).

Figure 13-29. Far-field mean annual effective dose for a probabilistic calculation for the corrosion failure 
with initial advection in the buffer and otherwise as the central corrosion case. The legends are sorted 
according to descending peak mean annual effective dose over one million years (given in brackets in µSv).
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A simplification of the glacial cycle is developed in the Climate report, Section 4.5.4 to support 
the abstraction, see Figure 13-30. The simplified cycle has two temperate periods, three periglacial 
periods, two glacial periods, and two submerged periods in the 120,000 year cycle. It is noted that 
the summed percentages of each climate period coincide with the corresponding percentages for 
the original, non-simplified cycle. In the abstraction, the cycle repeats 8 times in the 1 million year 
assessment period of interest. Table 13-7 provides times for each flow change in the first 120,000 year 
cycle. 

Detailed simulations of transient flow during a glacial cycle have been undertaken / Vidstrand et al. 
2010/ and are summarised in Section 10.4.6. These simulations show that both the direction and 
magnitude of groundwater flow are affected by the glacial cycle. As an alternative to representing the 
full details of transient groundwater flow fields in the transport simulations, a pessimistic bounding 
abstraction is developed. 

The abstraction includes changes in flow magnitude, but uses pathlines from the temperate period 
/ Joyce et al. 2010/ and ignores changes in flow direction. This abstraction is pessimistic because it 
greatly overestimates the vertical component of the flow velocity compared with detailed simula-
tions / Vidstrand et al. 2010/, and also ignores lengthening of the flow paths that may occur during 
some of the climate periods. 

Table 13-7. Duration of each climate period in the simplified 120,000 year cycle. The percentage 
of each accumulated period is also indicated. 

Period Calendar time  
(kyrs)

Duration  
(kyrs)

Accumulated duration  
(kyrs)

Temperate 0–8 8 8
Periglacial 8–12 4 4
Temperate 12–35 23 8+23 = 31 (26%)
Periglacial 35–58 23 4+23 = 27
Glacial 58–65 7 7
Submerged 65–75 10 10
Periglacial 75–89 14 27+14 = 41 (34%)
Glacial 89–111 22 7+22 = 29 (24%)
Submerged 111–120 9 10+9 = 19 (16%)

Figure 13-30. Simplified glacial cycle for use in the geosphere transport assessment, see the Climate 
report, Section 4.5.4. 
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The glacial periods summarised in Figure 13-30 and Table 13-7 need to be further subdivided into 
advancing, glacial maximum and retreating phases, because the groundwater velocity will be very 
different in these three phases. For the advancing ice sheet, it takes 366 years for the ice sheet to 
move between ice front locations I and IV, see Section 10.4.6 and / Vidstrand et al. 2010/ for details. 
For the retreating ice sheet it takes 61 years to move between ice front locations IV and I. As an 
approximation, it is judged that when the ice front is beyond these ice front locations, the influence 
of the ice front on the repository will be small, i.e. conditions close to periglacial or submerged 
will prevail. However, even beyond these times, there is some influence, even if not comparable 
to the peak, see Figure 13-31 which shows the Darcy flux at repository depth within the repository 
footprint (measurement locality 2 in / Vidstrand et al. 2010/). Specifically, during the ice advance, the 
increase in Darcy flux relative to temperate conditions prevails approximately for 2,000 years. It is 
decided to represent the glacial advancing period as having duration of 1,800 years, which is much 
longer than the time to move between ice front locations I and IV, but slightly shorter than the time 
2,000 years. The more rapid retreating phase is modelled as having duration of 300 years; i.e. the 
ratio in duration between advance and retreat phases is maintained. It is also noted that the increase 
in Darcy flux during the advancing phase is smaller than during the retreating phase. This is due to 
the fact that the advancing phase is characterised by permafrost in front of the ice sheet, whereas 
the retreating ice sheet is warm based such that no permafrost is present, see Section 10.4.6 and 
/ Vidstrand et al. 2010/ for details. 

Flow scaling factors for each climate domain are obtained from the calculated Darcy flux distributions 
at deposition hole locations in the super-regional groundwater flow model of / Vidstrand et al. 2010/ 
summarised in Section 10.4.6. In Figure 10-146 the Darcy flux distributions are shown in terms of 
maximum, median, and minimum values. The median values from Figure 10-146 and the duration 
of each flow period in Table 13-7 are used to obtain time-dependent flow factors (Figure 13-32). In 
developing the flow factors, the glacial state with a 2-km tongue of permafrost was assumed for the 
glacial retreating phase. The latter assumption is regarded as slightly pessimistic because the fluxes in 
the glacial case without permafrost of / Vidstrand et al. 2010/ were developed for an advancing ice sheet 
but applied here for a retreating ice sheet. In the far-field calculations performed with MARFA, the 
advective travel time and flow-related transport resistance for the temperate period are inversely scaled 
by the values in Figure 13-32 to obtain corresponding values for other stages in the glacial cycle.

Figure 13-31. Change in Darcy flux relative to the temperate period as the ice sheet advances and retreats 
over the repository location. Figure is modified after Figure G-12 of / Vidstrand et al. 2010/. 
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The transport simulations are identical to the temperate period base case described in Section 13.5.4 
except for the flow changes shown in Figure 13-32 and the use of sorption Kd-values for oxidising 
conditions for the redox sensitive elements during ice front passages (i.e. during the time periods 
when flow scaling factors are 20 and 50, respectively). In addition, different landscape dose factors 
(LDFs) are applied for different periods in the glacial cycle. The near-field release calculations 
used as input to the MARFA simulations do not take into consideration the changes in flow. This 
simplification is based on the fact that releases of radioelements that are not solubility limited will be 
limited by the rate of fuel dissolution, which is independent of flow rate. It should also be noted that 
instantaneous release fractions are not included in this simulation. 

Expected annual dose versus time for this case is shown in Figure 13-33. Also the case without flow 
changes, i.e. with temperate flow throughout the assessment period, is shown. The results are based 
on 2,800 realisations of the central corrosion case where both near-field and far-field parameters 
follow distributions given in the Data report.

The results in Figure 13-33 indicate that the flow, Kd and LDF changes collectively cause no 
significant increase in peak dose. The main effect is the sharp downward spikes in dose during the 
time of glacial approach and retreat. Although the radionuclide mass discharge to the biosphere is 
increased sharply during these periods due to changes in flow and, more importantly, changes in 
Kd for redox-sensitive radionuclides, this increase is more than compensated by the greatly reduced 
LDF values during these periods. 

The results without flow changes can also be compared to the corresponding case calculated using 
FARF31, see Figure 13-18 of Section 13.5.4, showing very similar total dose results. 

Colloid facilitated transport 
The presence of bentonite material in the deposition tunnel backfill and in the buffer in the deposi-
tion hole is expected to result in bentonite colloids in the groundwater near deposition holes and 
along the geosphere transport pathways. Radionuclides that have a strong affinity for bentonite will 
sorb onto bentonite colloids and may be transported through the geosphere with reduced interaction 
with the rock matrix, i.e. with a reduced retention. Colloid facilitated transport involves a compli-
cated combination of processes, many of which can mitigate the transport. Mitigating processes 
include colloid retardation in fractures, physical filtration (straining) of colloids in fractures, colloid 
flocculation and sedimentation, radionuclide desorption from colloids, saturation of sorption sites 
on colloids, and competition for sites on colloids. These processes are uncertain or involve uncertain 
parameters that are difficult to quantify in short duration experiments. Rather than attempting to 

Figure 13-32. Flow scaling factors for one glacial cycle (of eight) for use in far-field radionuclide trans-
port simulations. The spikes at the end of each glacial period have 300 year duration, but are not resolved 
on the scale of this figure. The scaling factor is defined relative to the Darcy flux in the temperate period. 
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develop detailed process models for colloid facilitated transport, potential mitigating processes are 
ignored so as to place an upper bound on the possible effect. Ignoring these potential mitigating 
processes and taking into consideration that sorption of radionuclides onto bentonite is understood to 
be a reversible process on the time scale of geosphere transport, see the Buffer, backfill and closure 
process report, the effect of colloids in facilitating transport may be modelled through the introduction 
of effective transport parameters, as described in Appendix I of the Radionuclide transport report. 

Colloid concentrations that can be stably supported are highly sensitive to groundwater chemistry. It has 
been determined from a review of laboratory and field data / Wold 2010/ that 10 mg/L is a reasonably 
pessimistic value for colloid concentrations for typical groundwater chemistries. However, this value 
may be much higher during brief periods when highly dilute glacial melt water enters the geosphere. 
The maximum concentration of clay colloids in very dilute waters has been determined to be ~40 g/L at 
the buffer/groundwater boundary / Birgersson et al. 2009/ and the Geosphere process report. However, 
it is unreasonable to assume that this concentration can be maintained throughout the geosphere. For 
the radionuclide transport calculations a value of 10 g/l has been selected to be a pessimistic value for 
colloid concentrations in very dilute waters. The pessimistic value for dilute waters (i.e. 10 g/L) is used 
during periods of glacial retreat/advance and during the second halves of the glacial maximum and 
temperate periods, to illustrate consequences of periods of potential dilute water intrusion according to 
the analyses in Chapter 10. The lower value of 10 mg/L is used for other periods.

The partitioning coefficient for sorption onto bentonite colloids Kc may be related to the same 
parameter for sorption onto bentonite buffer material Kd as Kc = γKd where γ is a ratio of specific 
surface areas for colloidal and bulk bentonite. Given that bentonite is a fine-grained material and that 
equilibrium partitioning coefficients for bentonite are typically measured using colloidal suspensions 
with	particle	sizes	less	than	1	μm,	γ ≈ 1 is a reasonable assumption. Thus, Kd distributions from 
Section 5.3 of the Data report were used for Kc.

Figure 13-33. Expected doses with and without flow changes. The solid blue curve is the near-field release 
expressed as an annual effective dose. The black and green curves are far-field annual effective dose 
without and with flow changes, respectively. 
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Results using 2,800 realisations of the central corrosion case are shown in Figure 13-34. By compari-
son with Figure 13-33, it can be seen that colloids enhance the mean annual dose by a modest factor 
(<	3)	and	only	during	the	last	halves	of	the	temperate	periods.	In	all	cases	the	mean	annual	dose	is	
less than the dose-equivalent near-field release. That the mean annual dose would be bounded by the 
dose-equivalent near-field release is not obvious a priori because of the potential for colloid-induced 
pulse remobilization (i.e. build up of radionuclide mass in the geosphere during periods of low 
mobility that is subsequently released during periods of high mobility). The results in Figure 13-34 
clearly show that colloid-induced pulse remobilization is not an issue and that the dose-equivalent 
near-field release can be used as an upper bound on the mean annual dose. 

13.5.7 Doses to non-human biota for the corrosion scenario
Doses to non-human biota for the probabilistic central corrosion case have been calculated according 
to the methodology described in Section 13.2.5. The total dose rates to organisms in terrestrial, fresh-
water and marine ecosystems in Forsmark are presented in Table 13-8, and the results are presented 
in more detail in the Biosphere synthesis report and in / Torudd 2010/. All the total dose rates are 
well below the screening dose rate (10 µGy h–1) recommended in the ERICA Integrated Approach 
/ Beresford et al. 2007/. It is, therefore, concluded that radionuclide releases predicted for this case 
will not lead to detrimental biological effects on individuals of species found at the site. As discussed 
in Section 13.2.5, the lack of biological detriment to individuals is regarded as clear evidence that 
the populations comprising those individuals are similarly protected.

The results are readily applicable to other corrosion cases, by scaling the releases of the nuclides in 
question, which are at most about one order of magnitude higher than those for the central corrosion 
case. This means that the conclusion for the central corrosion case holds also for all other corrosion 
cases considered in SR-Site.

Figure 13-34. Expected dose with unsteady flow and colloid-facilitated transport. The solid blue curve is 
the near-field release expressed as an annual effective dose. The green curve is far-field annual dose with 
flow changes and colloid-facilitated transport. The case with no flow changes and no colloid-facilitated 
transport is shown for comparison purposes (black curve). 
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Table 13-8. Whole-body dose rates for terrestrial, freshwater and marine biota in Forsmark, given 
the mean release according to the probabilistic central corrosion case. Estimates from determin-
istic calculations are given together with the 95th percentile from probabilistic simulations (from 
/ Torudd 2010/).

  Dose rate (μGy h–1) 

Reference organism Deterministic estimate 95th percentile

Terrestrial
Amphibia 2.9·10–5 5.9·10–5

Bird 2.7·10–5 5.9·10–5

Detritivorous invertebrate 6.4·10–5 1.4·10–4

Flying insect 6.1·10–5 1.4·10–4

Gastropod 5.9·10–5 1.4·10–4

Grasses and herbs 3.7·10–5 8.5·10–5

Mammal, large 2.2·10–5 4.9·10–5

Mammal, small 2.5·10–5 5.2·10–5

Lichen and bryophytes 6.7·10–4 1.2·10–3

Reptile 2.9·10–5 5.8·10–5

Shrub 7.6·10–5 2.0·10–4

Soil invertebrate 6.3·10–5 1.4·10–4

Tree 6.1·10–5 1.6·10–4

Freshwater
Bird 1.6·10–5 4.4·10–5

Bivalve mollusc 3.7·10–4 7.7·10–4

Crustacean 2.7·10–4 4.8·10–4

Gastropod 2.7·10–4 5.3·10–4

Insect larvae 1.9·10–3 5.1·10–3

Mammal 1.8·10–5 4.3·10–5

Pelagic fish 1.7·10–5 4.0·10–5

Phytoplankton 3.4·10–3 9.7·10–3

Vascular plant 5.2·10–4 1.2·10–3

Zooplankton 2.2·10–4 4.9·10–4

Marine
Benthic fish 1.1·10–6 1.8·10–6

Benthic mollusc 1.9·10–6 3.1·10–6

Bird 3.2·10–7 9.0·10–7

Crustacean 6.3·10–7 1.2·10–6

Macroalgae 1.4·10–6 1.8·10–6

Mammal 8.5·10–8 2.2·10–7

Pelagic fish 3.4·10–7 1.0·10–6

Phytoplankton 2.9·10–6 6.2·10–6

Polychaete worm 3.0·10–6 4.6·10–6

Vascular plant 1.3·10–6 1.9·10–6

 Zooplankton 3.4·10–7 6.9·10–7

13.5.8 Alternative safety indicators for the corrosion scenario
As mentioned in Section 2.6.3, four alternative indicators to risk are used in SR-Site; release of 
activity from the geosphere, radiotoxicity flux from the geosphere, concentrations of radionuclides in 
ecosystems and natural geosphere fluxes of radionuclides. The following reference values are used 
when evaluating these indicators.
•	 The	Finnish	activity	constraints.	These	constraints	are	strictly	applicable	only	in	the	Finnish	

regulatory context, but are nevertheless deemed useful as reference values for SR-Site. 
•	 The	reference	value	for	radiotoxicity	flux	from	the	geosphere	suggested	by	the	EU	SPIN	project.
•	 Measured	concentrations	of	naturally	occurring	radionuclides	in	ecosystems	at	the	Forsmark	site	

or other, comparable sites. 
•	 Naturally	occurring	fluxes	of	radionuclides	at	the	site,	in	particular	of	U-238	and	Ra-226. 
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Release of activity from the geosphere
The constraints on activity release from the geosphere issued by the Finnish regulator STUK yield 
an index calculated as described in Section 2.6.3. Figure 13-35 shows the result of applying this 
activity constraint to mean releases calculated for the probabilistic central corrosion case, see the 
Radionuclide transport report for details. The releases from the geosphere are around three orders 
of magnitude lower than the STUK constraint. 

Radiotoxicity flux from the geosphere
As mentioned in Section 2.6.3, the radiotoxicity flux from the geosphere may be used as an alterna-
tive indicator for late time frames. An EU project / Becker et al. 2002/ suggests a reference value of 
60 Sv/yr for a typical area of 200 km2 that could tentatively be used for comparisons to calculated 
fluxes of radionuclides from the repository. 

For the probabilistic central corrosion case, the mean activity release for each nuclide was converted 
to radiotoxicity flux by using ingestion dose coefficients, see further the Radionuclide transport 
report. This yielded the result shown in Figure 13-36. The peak release from the geosphere is 
around 10−2 Sv/yr, i.e. more than three orders of magnitude below the suggested reference value. The 
IRF pulses are not included in this calculation.

The relevance of the reference value can be argued. It is seen as more significant that for a totally 
hypothetical situation where an individual alone would ingest all repository-derived radionuclides 
released from the geosphere in the central corrosion case, the maximum received dose over one 
million years would only be around one order of magnitude above that caused by typical background 
radiation in Sweden. It is noted that the result is based on the probabilistic calculation of the central 
corrosion case, whereas a deterministic calculation not taking into account the probability of 0.12 of 
this case would yield about one order of magnitude higher dose. 

Figure 13-35. Releases as a fraction of the activity release constraint index adopted by the Finnish 
regulator.
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Concentrations in ecosystems
Another alternative indicator is the calculated concentration of radionuclides in the biosphere, 
which can be compared to the natural content of radionuclides in soil, sediment, groundwater and 
surface water. This comparison is here made for the most dose-contributing radionuclide Ra-226. In 
addition, the comparison has been done for all isotopes with measured activity concentrations and is 
further described and discussed in the Biosphere synthesis report. 

In the biosphere assessment, maximum activity concentrations of radionuclides are calculated for 
different environmental media with the radionuclide transport model for the biosphere, given a con-
stant unit release per year of each radionuclide (see Section 13.2.4). These concentration factors (i.e. 
concentration per Bq/yr) were here multiplied by the maximum activity release rate (Bq/yr) from the 
geosphere according to the mean release of the probabilistic central corrosion case, to get maximum 
activity concentrations in different environmental media. The maximum concentration factor and the 
maximum activity release rate were not coupled in time, giving a pessimistic approach. 

Biosphere object 136 (Figure 13-5) was chosen as a representative object for the Forsmark site for 
the comparison, since the calculated activity concentrations for this object can be compared to the 
natural content of Ra-226 in different media (soil, sediment, groundwater, lake water and sea water) 
measured in the basin and in its vicinity as part of the site investigations. The calculated activity 
concentrations of Ra-226 in different media in this object were of similar magnitude as the highest 
calculated concentrations among all biosphere objects. The difference was at most 1.6 times lower 
in object 136 (noted for sediments). As shown in Table 13-9, the calculated activity concentrations 
for Ra-226 from a release are at least three orders of magnitude lower than the measured background 
activity concentrations for all the compared environmental media. 

Figure 13-36. Radiotoxicity fluxes from near field and geosphere for the central corrosion case.
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Table 13-9. Calculated activity concentration for Ra-226 in different environmental media in 
Biosphere object 136 (Bolundsfjärden), resulting from the mean release of radionuclides given 
the probabilistic central corrosion case, compared with measured activity concentrations 
(median values) from Forsmark. For reference, measured concentrations from Laxemar and from 
reference sites available in the literature are presented. N represents the number of samples.

Calculated  
activity  
concentration

Measured activity 
concentration 
Forsmark (N)

Measured activity 
concentration 
Laxemar (N)

Reference  
sites

Lake water (Bq/l) 4.5·10–7 6.0·10–3 (4)  4.6·10–4 1)

Sea water (Bq/l) 3.1·10–9 3.1·10–3 (1)  1.1·10–3 1)

Near surface groundwater (Bq/l) 4.2·10–5 7.2·10–2 (11) 5.9·10–2 (10) 4.2·10–3 2)

Limnic sediment (Bq/kg dw) 2.9·10–3 36 (2) 70 (1)  
Marine sediment (Bq/kg dw) 3.5·10–4 8.5 (1) 8.5 (1)  
Top soil (Bq/kg dw) 2.2·10–3 39 (4) 16 (1) 2–1,000 3)

1) / Aastrup 1981/  
2) / Porcelli et al. 2001/  
3) / UNSCEAR 2008/

Geosphere fluxes of radionuclides
The naturally occurring fluxes of U-238, U-234 and Ra-226, are estimated based on i) measured 
activities in the groundwater during the site investigations, ii) an estimate of the surface area to 
which hypothetical releases from the ensemble of deposition positions in the repository would occur 
for present day conditions, and iii) an estimate of the fraction of the average groundwater discharge 
originating from repository depth. See Section 2.3 in the Radionuclide transport report for details. 
The resulting natural fluxes are 4.7·105 Bq/yr U-238, 1.2·106 Bq/yr U-234 and 7.6·106 Bq/yr Ra-226.

Figure 13-37 shows the far-field release rates of U-238, U-234 and Ra-226 for the probabilistic 
central corrosion case compared to the estimated naturally occurring fluxes at Forsmark. The reposi-
tory derived flux of Ra-226 for the central corrosion case is about two orders of magnitude below the 
naturally occurring flux of Ra-226. For the U isotopes, the fluxes from the repository are about six 
orders of magnitude below the natural fluxes, irrespective of whether rock Kd-distributions for U(IV) 
or U(VI) are used. 

It is noted that the releases from the repository could be concentrated to one or a few of the land-
scape objects in the release area. There are about ten objects in the area used in the derivation of the 
naturally occurring fluxes, suggesting that the natural fluxes would exceed those from the repository 
even if all the release from the repository were to occur to a single landscape object.

The naturally occurring fluxes of U-238, U-234 and Ra-226 have been converted to effective dose 
by using the basic LDF values. The result is shown together with the far-field annual effective dose 
in the central corrosion case in Figure 13-38. The result is similar to that in Figure 13-37 since the 
dose is dominated by Ra-226 in the central corrosion case. 
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Figure 13-37. Far-field release rates (Bq/year) of U-238, U-234 and Ra-226 in the central corrosion case 
compared to the naturally occurring fluxes at Forsmark.

Figure 13-38. Far-field mean annual effective dose in the central corrosion case compared to the annual 
effective dose coming from naturally occurring fluxes of U-238, U-234 and Ra-226 at Forsmark converted 
to annual effective dose using the basic LDF values.
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Conclusions
Four alternative indicators to risk are used in SR-Site, yielding the following results for the central 
corrosion case:

•	 Peak	releases	of	activity	from	the	geosphere	are	about	three	orders	magnitude	below	the	activity	
constraints issued by the Finnish regulator STUK.

•	 The	peak	radiotoxicity	flux	from	the	geosphere	is	more	than	three	orders	of	magnitude	lower	
than the reference value for the radiotoxicity flux from the geosphere suggested by the EU SPIN 
project. 

•	 Calculated	radionuclide	peak	concentrations	in	ecosystems	at	Forsmark	from	repository	releases	
of Ra-226 are about three orders of magnitude below measured concentrations of naturally occur-
ring Ra-226 at Forsmark.

•	 Peak	geosphere	fluxes	caused	by	Ra-226	releases	from	the	repository	are	about	two	orders	of	
magnitude below naturally occurring fluxes of Ra-226 at the site, as estimated from site data; 
the difference is larger for U-234 and U-238. The total release of all repository derived nuclides 
converted to dose is also around two orders of magnitude lower than the summed dose from 
releases of the three mentioned naturally occurring nuclides.

The results are readily applicable to other corrosion cases, for most indicators by simply scaling 
with the release of Ra-226, which is at most one order of magnitude higher than that for the central 
corrosion case.

13.5.9 Summary of results of calculation cases for the corrosion scenario
Figures 13-39 (near field) and 13-40 (far field) summarise the probabilistic calculations done for the 
corrosion scenario with COMP23/FARF31. Peak mean annual doses vary roughly within an order of 
magnitude between the cases.

Figure 13-39. Summary of near-field mean annual effective dose equivalent release for all probabilistic 
calculations performed with COMP23 for the corrosion scenario.
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13.5.10 Calculations with the analytical models
As mentioned in Section 13.4.4, simplified, analytical models are available for the modelling of 
radionuclide transport in the near field and the far field. 

The analytical models have been applied to the six corrosion variants of the corrosion scenario. 

Regarding the application of the models to the corrosion scenario, the following, further simplifying, 
conditions are noted. The near-field release is determined by the rate of radionuclide release to water 
in the void space because the flow rate in the Q1 fracture is not a limitation (canister failures due to 
corrosion only occur in the deposition holes with the highest flow rates). Therefore, the release rate 
from the near field is simply modelled as the dissolution rate of the fuel, alternatively the corrosion 
rate of the metal parts, in both cases multiplied by the inventory. As in the numerical models, the IRF 
is not included but handled separately.

The release rate from the far field is in most cases calculated as the release rate from the near field 
times a geosphere transmission factor / Hedin 2002b/. This yields a good approximation in cases of 
a continuous release over long times. 

However, in some cases of relatively short duration, releases caused by corrosion of the metal parts 
of the fuel, the treatment is overly pessimistic. In such cases the release of the entire inventory in 
the metal parts, M0, as a pulse to the geosphere is also considered. This yields a peak release rate 
from the geosphere of M0/τ	where	τ	is	obtained	from	/	SKB	2006a,	Appendix	B/.	Hydrodynamic	and	
molecular dispersion in the flowing fracture are pessimistically neglected when this expression is 
used. Also, radioactive decay is neglected in the expression since no appreciable decay will take 
place during the short transients of concern here. 

Since both the above approaches overestimate the release rate from the far field, the smaller of the 
two is chosen in each realisation.

Figure 13-40. Summary of far-field mean annual effective dose for all probabilistic calculations performed 
with COMP23/FARF31 for the corrosion scenario. The peak doses are given in parentheses in µSv.
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It is also noted that chain decay in the geosphere is not accounted for when applying the transmis-
sion factors for geosphere retention. The theory for a full, analytical treatment of chain decay in 
transmission factors has been developed, but is not yet implemented in the analytical model. Using 
the numerical models, it has been demonstrated that chain decay of parent nuclides of Ra-226 in the 
far field has a negligible impact on the releases of Ra-226 in the corrosion scenario.

The result of the analytical modelling of the probabilistic central corrosion case is shown in 
Figure 13-41. As seen by comparing the results in Figure 13-41 with those of the corresponding 
numerical case in Figure 13-18, the agreement of the peak doses is very good for nuclides emerging 
from the fuel matrix, whereas doses from nuclides embedded in metal parts (Ni-59 and Nb-94) 
are somewhat overestimated with the analytical model. This is due to the pessimistic modelling 
of nuclide release from corrosion of metal parts discussed above. 

The modelling results of the six corrosion variants are shown in Figure 13-42. Each case was mod-
elled with 20,000 realisations using Latin Hypercube Sampling. As seen by comparing the results in 
Figure 13-42 with those in Figure 13-40, which shows far-field annual effective dose for all corrosion 
cases calculated with FARF31, the agreement between results obtained with the two sets of models 
is good. All peak doses over one million years are the same to within less than ten percent.

The fact that the numerical calculations are in good agreement with the analytical calculations enhances 
confidence in the dose equivalent releases provided here and in the Radionuclide transport report for 
two reasons. First, the comparison provides a quality assurance check on the numerical modelling of 
dose equivalent releases. This check applies not only to the numerical calculations but also to the data/
parameter transfers, as the data for the analytical calculations were taken directly from the Data report 
independently of the numerical calculations. Second, it demonstrates that dose equivalent releases for 
the corrosion cases are controlled by relatively simple processes that are straightforward to understand 
and model.

Figure 13-41. Far-field mean annual effective dose for the central corrosion case, obtained with analytical 
models. The legends are sorted according to descending peak mean annual effective dose over one million 
years (given in brackets in µSv).
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13.5.11 Sensitivity analyses
Introduction
This section presents results of sensitivity analyses of the results of the dose calculations, i.e. the 
sensitivity of the uncertainty in calculated dose to uncertainties in the input parameters is analysed. 
All analyses concern the probabilistic calculation of the central corrosion case, Section 13.5.4. 

It is of interest to determine i) the variables that correlate with the dose over the entire dose range 
and ii) the parameter values that are related to high and low doses. Ra-226 dominates the dose in 
most of the realisations in the central corrosion case and it is thus of particular interest to clarify 
sensitivities of the Ra-226 dose to input parameters.

Global sensitivity analysis
The first purpose is thus to perform a so called global sensitivity analysis, i.e. to identify the input 
parameters that have the greatest influence on the spread of the results. The contribution to output 
spread depends on both the spread of the input parameter and the model’s sensitivity to variations in 
that particular input parameter. A range of methods for this type of sensitivity analysis exists / Saltelli 
et al. 2000/. Several studies and reviews have demonstrated that standardised rank regression is a 
suitable method for sensitivity analysis of non-linear systems where the calculation end point is a 
monotonic function of the input variables / Saltelli et al. 1993, Helton 1993, Hamby 1994, Iman and 
Conover 1979/. This applies to the present non-linear and monotonic system / Hedin 2003/, and the 
standardised rank regression coefficient (SRRC) is, therefore, used for identifying the most important 
variables contributing to dose uncertainty.

Figure 13-42. Summary of far-field mean annual effective dose for analytical, probabilistic calculations of 
the six corrosion variants of the corrosion scenario. The peak doses are given in parentheses in µSv. These 
results can be compared to the corresponding results obtained with numerical models in Figure 13-40.
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A standardised rank regression analysis of the total dose at 106 years on the input variables yields, in 
descending order, the fuel dissolution rate DFuel, the transport resistance along the geosphere flow path, 
F, and the failure time tFailure as the input parameters most affecting dose results, see Figure 13-43. 
Regressing on Ra-226 dose at 106 years yields a similar result due to the dominance of Ra-226. The 
ranking of the two most important variables is switched in this case and this is consistent with the fact 
that the fuel dissolution rate, DFuel, affects all nuclides whereas the F parameter only affects sorbing 
nuclides and is hence relatively more important for the Ra-226 dose, than for the total dose which is in 
some of the realisations dominated by the non-sorbing I-129. It is also noted that the three variables F, 
tw and tFailure are correlated, meaning that their significance is not necessarily as high as indicated by 
the SRRC method. This was further investigated with a tailored regression model, as described below. 
Standardised rank regression analysis on maximum total dose over time yields an almost identical 
result as regressing on total dose at one million years (not shown in the figure). However, regressing 
on e.g. peak Ni-59 equivalent dose from the near field (not shown in the figure) identifies also the 
corrosion release rate, CRR, as a sensitive input variable. This is consistent with the fact that in some 
realisations of the central corrosion case, the peak dose of Ni-59 occurs shortly after canister failure and 
is then caused by the releases congruent with the corrosion of the metal parts of the fuel assemblies.

Main risk contributors
The standardised rank regression analysis identifies the variables that co-vary with the dependent 
variable, the total dose, over the entire dose range. To determine the variables that are related to the 
highest doses, a conditional mean value analysis / Hedin 2002a/ was carried out. Here, the subsets 
of input parameter values related to the top percentile of the dose are selected. For each such subset, 
the mean value of the logarithmically transformed data was determined for each parameter and com-
pared to the corresponding mean value of the entire input distribution. A dimensionless, normalised 
measure,	α99,	is	obtained	by	dividing	the	difference	between	the	two	mean	values	by	the	standard	
deviation of the entire distribution. 

The so determined conditional mean value identifies variables that take on significantly different 
values in the top percentile realisations than in the entire dose distribution. In descending order, the 
tFailure, DFuel, F and tw parameters were identified as most significant, see Figure 13-44. Similarly, 
α1-values,	relating	to	the	lowest	percentile	of	the	dose	distribution	were	determined.	Also	α99	−	α1	
values were determined to distinguish extreme outcomes from others. The highest ranking variables 
were here, in descending order, DFuel, F, tw, which is strongly correlated to F, and tFailure.

Figure 13-43. Results of standardised rank regression. Regressing on total dose at 106 years and on 
Ra-226 dose at 106 years yields similar results due to the dominance of Ra-226. 
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Tailored regression model
The understanding and mathematical formulation of the transport models used in the dose calcula-
tions can be utilised to further explain the results. The release rate of Ra-226 is determined by the 
amount of its parent nuclide, Th-230, liberated from the fuel matrix and subsequently assumed to 
sorb in the near field. This amount is proportional to the product of the fuel dissolution rate, DFuel, 
and the time, t, elapsed between the canister failure and the point in time for which the dose is cal-
culated, i.e. it is proportional to DFuel · t. In the studied case t = 106 – tFailure. It can further be shown 
that the released Ra-226 is transported through the geosphere with a certain transmission efficiency, 
θ, that in its full expression depends in a complex way on all the uncertain parameters relating to 
geosphere transport, see e.g. / Hedin 2002b/. However, it can also be demonstrated that most of the 
variability of θ is captured by the simpler expression / Hedin 2003/:

θ ∝ exp(–cF0.5 (KdDe)0.25) 

where c is a positive constant determined by well known properties like the density of the rock and 
the half-life of Ra-226. This suggests that the Ra-226 dose varies according to

log(DoseRa226) = Constant + log(DFuelt) – cF0.5 (KdDe)0.25

and that a tailored regression model according to the above expression could be successful in 
explaining the calculated results. Figure 13-45 shows how such a regression model is able to predict 
the calculated results when successively more terms are included in the model. As seen in the figure, 
the agreement when all terms are included is good, with an R2-value of 0.99.

These expressions also reveal combinations of input variables of importance. Obviously, combina-
tions of high DFuel and t values and combinations of low values of the three factors occurring in the 
exponent of the first expression favour high doses. This result also illustrates that the variable tw, 
identified as important for the Ra-226 dose by the SRRC method above is not needed to explain the 
Ra-226 dose. It is concluded that tw is identified in the SRRC method only since it is correlated to 
the F parameter. (This can be further analysed through use of partial rank correlations in the SRRC 
method.)

A partition plot, Figure 13-46, showing how high and low dose results relate to the variable groups 
D·t and F0.5(Kd·De)0.25 confirms the explanatory power of these variable groups.

Figure 13-44. Conditional mean values.
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Figure 13-45. Four tailored regression models, including successively more variables, for the Ra-226 dose 
at one million years. 

Figure 13-46. Partition plot demonstrating how the two groups of variables on the axes relate to high and 
low dose results for Ra-226.
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Conclusions
The above analyses show that it is possible to identify the uncertain input parameters to which the 
probabilistic result is most sensitive with relatively simple methods. This is in part due to the nature 
of the conceptualisation of the calculation cases in the corrosion scenario, where the buffer is omitted 
and the near-field release is essentially controlled only by the fuel dissolution rate.
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The fuel dissolution rate, DFuel, and the geosphere transport resistance factor, F, emerge generally 
as the uncertain input parameters to which the result is most sensitive. The uncertainty in corrosion 
release rate, CRR, has a significant impact on the result of near-field releases immediately after 
failure for nuclides that are released congruently with metal corrosion. 

It is also noted that a number of different assumptions regarding transport conditions were analysed 
in Section 13.5.6, where it was found that the sensitivity to these assumptions is low, see Figures 13-39 
and 13-40. Similar results are expected for all corrosion variants since they differ from the central 
corrosion case only through somewhat altered input distributions for the failure times and the hydro-
geological transport parameters.

Finally, it is noted that, in the corrosion scenario, the canister failure times and positions are deter-
mined by the distribution of advective flow at the deposition holes and of the distribution of sulphide 
concentrations. As concluded in Section 12.6.2, it is only combinations of the highest flows with the 
highest concentrations that have the potential of yielding canister failures.

13.6 Canister failure due to shear load
13.6.1 Conceptualisation of transport conditions
Canister failure due to rock shear was demonstrated to have a low probability in the reference evolu-
tion. The only identified cause for this failure mode is the event of large earthquakes in the vicinity 
of the repository, see further Section 10.4.5. 

Pessimistic estimates of the extent of this failure mode in Section 10.4.5 indicate that the probability 
that one out of the 6,000 canisters has failed at the end of the one million year assessment period is 
0.079. A failure frequency as a function of time is also provided in Section 10.4.5, Figure 10-124, 
and this is used in the probabilistic assessment of the canister failure due to shear load scenario, 
briefly called the shear load scenario in the following.

A calculation case is formulated, based partially on the analyses carried out in Section 10.4.5. 
The following data and assumptions are used.
•	 In	the	affected	deposition	holes	the	faulting	is	supposed	to	be	so	large	that	it	causes	massive	failure	

of the canister. A delay time of 100 years between failure and the onset of radionuclide transport 
is assumed, based on a pessimistic estimate of the time required to fill the canister with water, see 
further the Data report. Thereafter, no credit is taken from limited transport resistance in the canister.

•	 The	shear	movement	will	not	affect	the	buffer	to	the	extent	that	its	protection	against	advective	
flow will be impaired, but the effective amount of buffer between the canister and the shearing 
fracture is assumed to be reduced from 35 to 25 cm. In Section 10.4.5, canister failures are 
pessimistically assumed to occur for shear movements exceeding 5 cm in fractures intersecting 
deposition holes. The reduction in buffer thickness by 10 cm is selected in relation to this criterion. 

•	 The	canister	failure	location	is	assumed	to	fully	coincide	with	the	location	of	the	shearing	fracture.	
Furthermore, the shear is assumed to increase the fracture transmissivity significantly. The Qeq 
value for the intersecting fracture is, therefore, assumed to be sufficiently high (1 m3/yr) that it 
does not contribute to the transport resistance in the near field. Nor are any transport resistances 
related to the geometric constraint of the fracture intersection with the buffer assumed, meaning 
that the flux through the buffer is that obtained with a zero concentration of radionuclides on the 
buffer exterior.

•	 The	shearing	fracture	is	likely	to	be	among	the	larger	in	the	modelled	fracture	network	and	its	
properties after shearing are difficult to assess. Therefore, no credit for radionuclide retention in 
the geosphere is taken.

•	 Solubility	limits	are	imposed	since,	contrary	to	case	in	the	corrosion	scenario,	the	buffer	is	in	
place in the shear load scenario.

All other data and assumptions are handled probabilistically, with data from the Data report. This 
concerns the radionuclide inventory, the fuel dissolution rate, the metal corrosion rate and buffer 
sorption and diffusion data.
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13.6.2 Consequence calculations
Postulated failure at 100,000 years
Figure 13-47 shows the result of a calculation where the failure of one canister at 100,000 years is 
postulated. As for the corrosion scenario, the contributions from the instantaneously released fraction 
of nuclides, IRF, are not included here. Note that the near-field dose equivalent release and the 
far-field dose are the same since no retention in the far field is assumed. The total dose is dominated 
by Ra-226, which is efficiently transferred through the buffer. The solubility of Ra-226 has a very 
limited impact on the result. The slight decrease of Ra-226 dose at the end of the calculation period 
is due to the decrease in inventory of U-234 in the fuel matrix.

Distribution of failures between 1,000 and 1,000,000 years
Figure 13-48 shows a probabilistic evaluation of rock shear failures for the period between 1,000 and 
one million years and using the frequency of canister failures due to shear load from the reference evo-
lution cited above. The doses are dominated by releases of Ra-226 after about 100,000 years. Before 
that,	releases	of	Nb-94	and	C-14	dominate.	It	is	seen	that	the	peak	dose	of	0.15	μSv,	occurring	at	one	
million years is about two orders of magnitude below the dose corresponding to the regulatory risk 
limit,	14	μSv.

Due to the assumed high equivalent flow rate in the Q1 buffer/rock interface, the outward transport 
capacity from the near field is in general sufficiently high to carry away all radionuclides released 
from the fuel, thus rendering solubility limits in the near field ineffective. As an illustration, a 
probabilistic case where no credit was taken for co-precipitation of Ra/Ba was calculated, i.e. where 
the solubility of Ra was increased by a factor of 1,000. This led to an increase of the release rate of 
Ra by only a factor of about 1.5, see further the Radionuclide transport report. 

Figure 13-47. Far-field annual effective dose for a probabilistic calculation postulating failure of one 
canister due to rock shear at 100,000 years. 
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Distribution of failures up to 1,000 years
For times up to 1,000 years after closure, the frequency of earthquakes is assessed to be lower, 
with a probability that one out of the 6,000 canisters has failed at the end of the initial 1,000 year 
period being 2.4·10−5, see further Section 10.4.5. Also, the use of LDF values overestimates the 
doses in this time perspective since i) the LDF is a pessimistic upper bound for releases occurring 
continuously over an entire interglacial period taking into account accumulation, whereas a large 
part of the interglacial period has elapsed without any releases when the repository is sealed and ii) 
it is not meaningful to use the LDF concept for a radionuclide that decays to insignificance over an 
interglacial period, since the concept is based on a continuous uniform release over the period.

A more detailed calculation of the shear load failure case for the initial 1,000 years was therefore 
done. In this calculation, releases from the near field were determined as for all other cases, and 
also the IRFs were included. Since no credit is taken for geosphere retention in the shear scenario, 
the near-field releases were used as direct input to the biosphere modelling. Since it is not possible 
to determine a location of the releases among the identified potential landscape objects, the mean 
release over all realisations as a function of time was fed to each object and the time dependent 
development of radionuclide transport and dose in the landscape was calculated for each object. 
The object giving the highest dose was then determined for each point in time and for each radio-
nuclide. This entity is pessimistically defined as the calculated dose consequence for the case of a 
shear failure during the initial 1,000 years. A well was included in each landscape object in the same 
way as for the LDF calculations. The modelling of failures and of consequences in terms of releases 
and doses was continued to 10,000 years to facilitate comparisons with the LDF results for the one 
million year time frame presented above. 

Figure 13-48. Probabilistically calculated consequences of shear failure, for the period between 1,000 years 
and one million years. The legends are sorted according to descending peak mean annual effective dose over 
one million years (given in brackets in µSv).
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The peak dose is almost four orders of magnitude lower than that corresponding to the regulatory 
risk limit, see Figure 13-49. Releases of Sr-90, Cs-137 and C-14 dominate the initial 1,000 years. 
(Note the extended dose scale, required as the most of the dose curves lie below the scale used for 
other figures). The curve shape of C-14 is due to the release dynamics and to the temporal develop-
ment of the landscape, in particular the transitions from sea to lake occurring at different times for 
different biosphere objects. The modelling of the dose consequences in the two time frames are 
compared in Figure 13-50.

As for the corrosion scenario, the calculated consequences of the shear load scenario represent 
a contribution to the calculated risks associated with releases from the repository. This is further 
addressed in Section 13.9.

Risk dilution
Risk dilution for the shear load scenario needs to be considered, since canisters fail at probabilisti-
cally determined times. 

An illustration is obtained by comparing the results in Figure 13-47 (postulated, deterministic failure 
time) with those in Figure 13-48 (distribution of failure times). If the result in Figure 13-47 is multi-
plied by the overall probability of the event occurring during the assessment period, i.e. 0.079, then 
the	dose	at	one	million	years	(0.28	μSv)	is	close	to	that	obtained	at	one	million	years	in	Figure	13-48	
(0.15	μSv).	

This is because the consequences are determined i) by in-growth of Ra-226 and ii) by the build-up 
of Th-230 released from the fuel and precipitated in the canister interior or sorbed in the buffer, and 
thus in general occur long after the failure time. The in-growth of Ra-226 is essentially controlled by 
the build-up of its parent nuclide Th-230, that occurs over a time scale comparable to the half-life of 
Th-230 which is approximately 75,000 years. The build-up of Th-230 occurs over times determined 
by the fuel dissolution rate which are of the order of one million years. 

Risk dilution, including a treatment of the pulse releases, is further discussed in Section 13.9.4.

Figure 13-49. Probabilistically calculated consequences of shear failure, occurring for the period up to 
10,000 years. 
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Global sensitivity analysis
A global sensitivity analysis on the results of the probabilistic shear load case using the SRRC 
method as for the central corrosion case yields results according to Figure 13-51.

Regressing the total dose at 106 years on the input variables yields, in descending order, the fuel 
dissolution rate DFuel, the solubilities of Radium and Thorium, and the failure time tFailure as the input 
parameters most affecting dose results. Regressing on Ra-226 dose at 106 years yields a similar result 
due to the dominance of Ra-226. The significance of the solubility of Thorium is due to decay of 
Th-230 to Ra-226 in the buffer, where the release of Th-230 to the buffer is controlled by the solubil-
ity of Th. A further scrutiny of individual realisations reveals that the significance of the limited 
solubility overall is due to a relatively limited number of realisations with low solubilities, whereas 
the total dose is dominated by the larger number of realisations where the solubilities are sufficiently 
high not to limit the release. Solubilities of neither Th nor Ra, where co-precipitation with Ba is 
taken into account do therefore significantly limit the mean release rate of Ra-226. This conclusion 
is corroborated by the fact that the case with the omitted buffer, where neither sorption in the buffer 
nor solubility limits are included, see Section 13.6.3 yields increases in Ra-226 mean dose by only a 
factor of 2.

Regressing instead on the maximum of total dose over time yields the failure time and the corrosion 
release rate, CRR, as significant variables. This is consistent with the fact that, for early failures, 
the highest doses occur due to release of e.g. Ni-59 and Nb-94 congruently with the corrosion of 
structural parts of the fuel elements. 

Figure 13-50. A comparison of mean annual effective doses for early shear load failures modelled 
transiently in the biosphere and failures in the 103–106 year time frame modelled using LDF values. 
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13.6.3 Combination of the shear load and the buffer advection scenarios
As noted in the discussion of buffer erosion in combination with shear movement in Section 12.9.3, 
the consequences of a shear failure followed by buffer erosion need to be considered, since it is 
reasonable to assume that the groundwater flow in a fracture that has undergone a major secondary 
shear movement could be high. Buffer erosion could then ultimately lead to loss of the buffer and its 
retardation function in the deposition hole with the canister failed due to shearing. A similar situation 
could arise if the buffer material is transformed through interaction with iron ions from the failed 
canister, as discussed in the buffer transformation scenario in Section 12.4.

The case with shear failures distributed between 1,000 and one million years was therefore calculated 
also for near-field conditions with a missing buffer. The conceptualisation of the near field is thus 
the same as in the corrosion scenario, but near-field flow data are stylised and geosphere retention is 
disregarded as in other consequence calculations for the shear load scenario. The results are shown 
in Figure 13-52.

The result is similar to that where the buffer is present in Figure 13-48, in particular beyond 
100,000 years. The peak annual effective dose from Ra-226 increases by about a factor of 2 from 
0.13 µSv to 0.25 µSv. The retardation in the buffer and the limited solubility of the dose driving 
Ra-226, both of which contribute to retardation only when the buffer is present, are thus of minor 
importance in the shear load scenario. This result is also consistent with the limited effect of impos-
ing solubility limits as a variant case in the corrosion scenario, where solubility limits are otherwise 
not imposed due to the absence of the buffer.

The main difference for the radionuclides contributing most to dose is for Nb-94, as this is signifi-
cantly retained in the buffer when it is present. However, Nb-94 contributes to dose mainly before 
100,000 years. The above case is only relevant after the buffer has been eroded. Since the near-field 
hydrogeological conditions are stylised with respect to radionuclide transport in the above case, 
they are not necessarily relevant for estimating the time taken for buffer erosion to cause advective 
conditions in the deposition hole. The first advective positions occur after several tens of thousands 
of years in the buffer advection scenario. However, considering the unknown nature of the hydraulic 
conditions in the deposition hole after a shear failure, the results in Figure 13-52 are seen as cautiously 
representative of a combined scenario for times beyond 10,000 years.

This combined case is further considered in the risk summation in Section 13.9. 

Figure 13-51. Results of standardised rank regression. Regressing on total dose at 106 years and on 
Ra-226 dose at 106 years yields similar results due to the dominance of Ra-226. Regression on the 
maximum of total dose over time identifies CRR as an additional sensitive input parameter. 
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13.6.4 Analysis of potential alternative transport conditions/data
The transport data used in the calculation of the probabilistic base case calculation are those provided 
in the Data report. The data have been selected for certain conditions and in the following, it is 
analysed i) whether the evolution in the shear scenario is compatible with these conditions and ii) 
whether any alternative evolutions of the system, that could imply less favourable transport conditions, 
need to be considered.

This analysis corresponds to the analysis of the possible routes to alternative containment conditions 
in Section 12.8.2, but is simplified based on the analyses already done in the derivation of data in the 
Data report.

Number of failed canisters and failure times
This is the outcome of the analysis of the containment potential for the shear load scenario, and has 
thus been exhaustively analysed in Section 10.4.5. 

Radionuclide inventory, IRF and CRF 
It is not relevant to include these entities here since they are not affected by external factors, but by 
conditions determining the initial state. Uncertainties related to the initial state are fully explored in 
the Data report.

Metal corrosion rate
Even	for	a	very	early	shear	failure	the	temperature	is	not	expected	to	be	above	70°C	for	a	water	
filled canister. Therefore, as for the corrosion scenario, see Section 13.5.4, the corrosion rates used 
in the Data report are valid (with a large margin) also for the shear load scenario. 

Figure 13-52. Probabilistically calculated consequences of shear failure with advective conditions in the 
deposition hole, for the period between 1,000 years and one million years. The legends are sorted accord-
ing to descending peak mean annual effective dose over one million years (given in brackets in µSv).
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Fuel dissolution rate
In this case the buffer is in place and the expected hydrogen concentrations are relatively high, as 
discussed later in Section 13.7.2. On the other hand the radioactivity of the fuel may be higher at 
the time of water contact. However, the iron corrosion will continue for tens of thousands years and 
during this time fuel activity will decrease to levels below the alpha activity threshold / Muzeau et al. 
2009/.	Even	for	a	very	early	shear	failure	the	temperature	is	not	expected	to	be	above	70°C	for	a	
water filled canister.

Solubilities
Redox conditions
The solubility of several of the important radionuclides is strongly dependent on the prevailing redox 
conditions in the near field of the repository. For example, the solubility of technetium increases by 
many	orders	of	magnitude	for	a	pe	>	0.	However,	since	the	redox	chemistry	inside	the	canister	will	
be dominated by the iron corrosion products (magnetite), the redox potential is expected to stay low 
under all circumstances.

Need for studies of additional evolutions to rule out unfavourable redox conditions: None, the vast 
amounts of iron and its anoxic corrosion products will buffer the redox conditions inside a defective 
canister. 

pH 
Natural groundwaters will have a pH in the range of about 6–9. The dissolution of low pH cement 
used for grouting and plugs could locally give a pH of ~11. 

Need for studies of additional evolutions to rule out unfavourable pH conditions: As stated in 
Section 13.5.5, a pH above 11 or below 6.3 can be excluded. This range is already covered in the 
assessment of solubilities. 

Temperature 
The most relevant uncertainty associated with the thermodynamic data is the effect of temperature 
on the stability of aqueous species and solid compounds. In the database used a selection of reaction 
enthalpy is included, although in some cases no enthalpy data are available. The approach to correct 
the equilibrium constants for temperature effects follows the Van’t Hoff equation, which relates 
the change in temperature to the change in the equilibrium constant, given that the standard molar 
enthalpy of reaction (∆fH0) is considered constant at all temperatures / Allard et al. 1997, p 434/. 
The	calculations	in	SR-Site	are	based	on	fixed	temperature	of	25°C,	since	it	is	judged	that	the	small	
temperature variations that can be expected in the repository when solubility limits are important 
will have marginal effect on the calculated values. 

Need for studies of additional evolutions to rule out unfavourable temperature conditions: Solubility 
limits are generally only important for the long-term assessment. This means that temperatures above 
25°C	are	of	limited	or	no	concern.	Even	in	the	case	of	an	early	failure	the	period	with	temperatures	
>	25°C	will	be	short	compared	to	the	assessment	timescale.	Temperatures	between	~0–25°C	may	on	
the other hand be important for solubility. Since there is a scarcity of enthalpy data, no temperature 
effects have been included in the solubility calculations in SR-Site. Instead a sensitivity study has 
been made in the documentation of the solubility assessment / Grivé et al. 2010/. The conclusion is 
that	the	effect	of	temperature	<	25°C	on	the	elemental	solubilities	is	limited.

Groundwater ionic strength 
The treatment of activity corrections also represents an uncertainty to the current solubility assess-
ment. The range of ionic strength (I) in the groundwaters used / Duro et al. 2006/ is from 10–3 to 
2 mole/dm3. The most appropriated procedure to conduct activity corrections in this range would be 
the Specific Interaction Theory (SIT) / Allard et al. 1997, p 331/. However, this approach is not still 
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implemented in the geochemical codes used and, therefore, the extended Debye-Hückel approach 
/ Allard et al. 1997, pp 328–329/ has been used for activity corrections. The results obtained by using 
the extended Debye-Hückel approach are comparable with the ones obtained by the SIT for those 
cases where the comparison is possible. Higher ionic strength than 1 mole/dm3 would lead to an 
increased uncertainty in the obtained results. 

Need for studies of additional evolutions to rule out unfavourable ionic strength conditions: As 
discussed for the fuel dissolution in Section 13.5.5, the reference evolution includes the highest 
salinities that can be expected at Forsmark, and no additional analyses are required. 

Minor components in groundwaters
The lack of data on phosphate species and solid phases is an important drawback in the prediction of 
the solubility of some elements, mainly for rare earth elements and trivalent actinides. The consid-
eration of phosphate in the groundwater composition may cause a change in the selected solubility 
controlling phases as well as in the solubility limits recommended for some of the radionuclides. 
Inclusion of phosphate phases and species could potentially lead to either higher or lower solubilities 
for radio-elements. 

Need for studies of additional evolutions to rule out unfavourable conditions: There will be a 
competition for phosphate between the iron together with its corrosion products and the components 
in the spent fuel. The total concentrations of phosphate in the Forsmark groundwaters are generally 
low and are therefore not expected to have any significant impact on the solubilities. Therefore, it is 
concluded that no additional studies of the effect of phosphate on the solubilities are required. 

Conclusions
The suggested handling of, and data for, solubilities in the Data report are sufficient to cover the 
shear failure scenario. 

Buffer porosities
This case involves no loss of buffer mass. The suggested handling of, and data for, porosities in the 
Data report are, therefore, sufficient to cover the shear failure scenario. Furthermore, as shown in 
Section 13.6.3, a loss of buffer following shear failure has a limited impact on the consequences. 

Buffer diffusivities and buffer partitioning coefficients
Cases leading to decreased retardation of radionuclide transport may be expressed through alterations 
of the parameters that affect radionuclide interactions with bentonite. These are separated into the 
following:

Intrinsic or structural parameters: 
•	 Bentonite	composition.	

•	 (Assumed)	tightness	with	regard	to	CO2 exchange with the host formation. 

External or environmental parameters such as: 
•	 Changes	in	assumed	groundwater	composition,	or	pCO2 imposed by the host formation leading to 

changes in porewater composition (very high or very low pH, high ionic strength, high concentra-
tion of competing cations/complexing ligands).

•	 Temperature.

The effects of different factors will be different for each radionuclide (or group of radionuclides). 
The validity range of sorption and diffusion coefficients is dependent on the uncertainties considered 
to be associated with each parameter in data derivation in the Data report. Different assumptions 
regarding these uncertainties would have led to a different validity range. 
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Lower buffer density will correspond to higher diffusion coefficients. Sorption will only be affected 
by the density if the porewater chemistry is significantly changed due to the higher water/solid 
ratio, but the effect of this ratio is of little importance in comparison to bentonite and groundwater 
composition. Smectite (montmorillonite) is the principal source of sorption sites; its content determines 
the magnitude of sorption. Kd values are selected for a CEC of 85 meq/100 g in the Data report. 
Changing this internal factor to a lower value will lead to a lower Kd, but the effect is small consider-
ing the range of the Kd values. A lower CEC is easily compensated by e.g. a slight variation of pH 
within the given uncertainty range. The content of accessory minerals of the bentonite influences 
porewater composition. Calcite in bentonite is needed to establish carbonate buffering. Absence 
of calcite would increase the dependency on groundwater composition; the corresponding effects 
on porewater composition were not quantified in / Ochs and Talerico 2004/. Absence of salts gives 
porewater results that lie within the parameter space already considered. Higher salt content is only 
relevant if it leads to a porewater salt concentration higher than that covered by the parameter space 
considered (ionic strength up to ~0.76 M / Ochs and Talerico 2004/). Tightness with regard to CO2 
is relevant because CO2 exchange influences porewater pH. Completely open/closed systems were 
considered in the data derivation and thus already included in the selected range of sorption parameters.

Salinities of groundwater up to seawater was considered in / Ochs and Talerico 2004/. Higher salinity 
may lead to lower Kd values, in particular for Cs/Sr/Ra. Increased chloride concentrations will lead 
to lower sorption of most radionuclides due to complexation, but this effect will, in most cases, be 
within the range already considered. Double layer effects will be decreased; therefore anion exclu-
sion effects will be less important at high salinity. De could increase for anions at high salinity. The 
lowest porewater pH considered for sorption was 6.6 / Ochs and Talerico 2004/. A lower porewater 
pH may lead to a different distribution of Kd values. 

Need for studies of additional evolutions to rule out unfavourable conditions: A loss of buffer density 
or a change in montmorillonite content is not directly foreseen in the shear load scenario, but this 
issue is discussed further in the subsection immediately below. The evolution of pH and ionic 
strength of the groundwater is discussed in Section 13.5.5. The range of possible ionic strength is 
already considered in the data for diffusivities and Kd values in the Data report. However, as seen 
in the sensitivity study presented in Table 10-8, a combination of high groundwater flow, the MX-80 
bentonite and a low groundwater pH could lead to a porewater with a pH that is slightly lower than 
the pH 6.6 that was used as the lower limit for the derivation of Kd values in the Data report. This 
means that there could be cases where the Kd values selected are inappropriate. This case requires a 
high flow, which is the case in the shear load scenario, but a high flow also means that the sorption 
in the buffer will contribute very little to the retardation of radionuclides. Also the limited additional 
consequences of this case are bounded by those of the combination of shear load and buffer advec-
tion, see below.

Buffer hydraulic conductivity and swelling pressure
To ensure that diffusion is the dominant transport mechanism in the buffer the safety function indica-
tor criteria for hydraulic conductivity and swelling pressure should be upheld (see Section 8.3.2). 
The fulfilment of these criteria is basically dependent on the density and montmorillonite content 
in the buffer. Neither of these is expected to be directly affected by a shear failure of the canister. 
However, there may be indirect effects: 

1. As described in Section 12.4 it cannot be excluded that metallic iron will have an effect on the 
montmorillonite. Currently, there is no reliable method to quantify this effect. 

2. A combination of canister failure due to the shear load scenario and the buffer advection scenario 
would lead to a case with advective conditions in the deposition hole. 

A severe transformation of the buffer caused by the metallic iron from the canister insert according 
to 1 above would lead to a similar situation as 2. 

Need for studies of additional evolutions to rule out unfavourable conditions: A failed canister due 
to shear load in combination with advective conditions in the deposition hole needs to be considered. 
This can represent both cases described above. The consequences of such a case are presented in 
Section 13.6.3. 
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Rock data
Rock data are either stylised and pessimistic (applies to Qeq) or irrelevant since geosphere retention 
is pessimistically neglected (applies to all other rock data).

Biosphere LDF factors
As for the corrosion scenario, all climate conditions emerging from the analyses of the evolution of 
the system are covered by the different LDF values available.

Overall conclusion regarding additional cases to analyse
The transport data provided in the Data report and used in the probabilistic base case calculation of 
the shear load scenario give a sufficient coverage of transport conditions for the shear load scenario.

13.6.5 Doses to biota, alternative safety indicators, analytical calculations and 
collective dose

Doses to biota
Releases for the shear load scenario have not been analysed with respect to doses to biota in SR-Site. 
However, since the releases are generally lower for this scenario than for the corrosion scenario, and 
since the margin to the reference value is, according to Section 13.5.7, several orders of magnitude 
in the latter, it is concluded that the effects on the environment for the shear load scenario are of no 
concern.

Alternative safety indicators
The same alternative safety indicators as for the corrosion scenario (Section 13.5.8) have been 
applied to the calculated releases for the shear load scenario, see further the Radionuclide transport 
report. Since the releases are generally lower for this scenario than for the corrosion scenario, the 
margins to the reference values are several orders of magnitude also for the shear load scenario.

Analytical calculations
The probabilistic case with shear failure with advective conditions in the deposition hole, for the 
period between 1,000 years and one million years (Figure 13-52), has been calculated also with the 
analytical models, see the Radionuclide transport report. The agreement is good and the peak 
dose, occurring at one million years is 0.36 µSv, compared to 0.34 µSv in Figure 13-52 for the 
numerical model.

Collective dose
SSMFS 2008:37 states the following: “The collective dose as a result of the expected outflow of 
radioactive substances during a period of 1,000 years after closure of a repository for spent nuclear 
fuel or nuclear waste shall be calculated as the sum, over 10,000 years, of the annual collective 
dose.”

In the shear load scenario, releases occur before 1,000 years and hence the collective dose is calculated 
for this scenario. The release during the first 1,000 years is dominated by C-14 and it is also the most 
important contributor to the collective dose. The complete, i.e. integrated over 50,000 years, collective 
dose commitment from C-14 releases during the first thousand years is estimated by multiplying the 
integrated release of C-14 during the initial 1,000 year period by a conversion factor of 109,000 manSv 
per PBq. This conversion factor has been recommended by the UNSCEAR / UNSCEAR 2000, 
Annex A/ for estimating the complete collective dose commitment to the global population from 
releases of C-14 to the atmosphere. It has been calculated under the assumption that the future world 
population stabilises at 1010 people, and that the global inventory of stable carbon does not increase 
from its present value. Estimations of collective dose commitments from C-14 releases made 
with several different models have given very similar results / UNSCEAR 2000/. This consistency 
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between model predictions has been attributed to the long half-life of C-14, relative to its rate of 
environmental transport, which makes the estimated dose commitments insensitive to the detailed 
structure of the models or to the values of the parameters used in them. It is also concluded that 
doses following a release to soils or surface oceans are about the same as those for an atmospheric 
release / UNSCEAR 2000/.

According to / UNSCEAR 2000/, 75% of the complete dose commitment from a single release is 
delivered within 10,000 years. To estimate the incomplete collective dose commitment, i.e. the collec-
tive dose integrated over 10,000 years, the complete collective dose commitment is multiplied by 0.75. 

The integrated release of C-14 during the initial 1,000 years is about 0.5 MBq. This yields a collec-
tive dose summed over 10,000 years for the shear load scenario of about 4·10–5 manSv.

13.7 Hypothetical, residual scenarios to illustrate barrier functions
In this section, hypothetical, residual scenarios to illustrate barrier functions are analysed. They 
encompass i) the scenario ‘canister failure due to isostatic load’, considered as residual according 
to the analysis in Section 12.7, ii) a failure mode where a hypothetical initial defect in the form of a 
penetrating pinhole in the copper shell grows into a larger defect and iii) a number of hypothetical 
cases where different barriers are assumed to be completely lost. The canister failure due to isostatic 
load scenario is analysed in Section 13.7.1. The pinhole case is analysed in Section 13.7.2, using the 
COMP23 model for the near field and both the FARF31 and MARFA codes for far-field transport. 
Hypothetical cases illustrating consequences of assumed barrier losses in addition to the pinhole case 
are analysed in Section 13.7.3.

13.7.1 Canister failure due to isostatic load
This section analyses the consequences of the scenario treating canister failure due to isostatic load, 
analysed in Section 12.7. This scenario was classified as residual in Section 12.7.5, since no routes 
to this failure mode were found. The following treatment is thus for a hypothetical, postulated failure 
mode.

For this failure mode, the canister (both the cast iron insert and the copper shell) is bypassed, whereas 
the buffer and the geosphere are assumed to have intact retention properties. Failure of the canister 
due to isostatic load would probably mean that the insert buckles slightly inwards, the copper shell 
follows and opens up near the lid. The dimensional changes are, however, expected to be small.

Three exits from the near field are modelled: a fracture intersecting the deposition hole at the vertical 
position of the canister lid, denoted Q1, an excavation damaged zone, EDZ, in the floor of the deposition 
tunnel, Q2, and a fracture intersecting the deposition tunnel, Q3, see Figure 13-13 in Section 13.4.1. 
Geosphere transport data are from the base case of the semi-correlated hydrogeological DFN model. 
Thermally induced spalling is assumed to have occurred in the wall of the deposition hole meaning 
that the transport resistance at the interface Q1 is decreased. 

The consequences of postulated failures of one canister due to isostatic collapse 10,000 years and 
100,000 years after repository closure are shown in Figure 13-53. Since both hypothetical global 
causes (glacial load) and local causes (deficient material properties, higher than intended buffer 
density) for this failure mode can be envisaged, simultaneous failure of more than one canister needs 
to be considered and would yield consequences in proportion to the number of failed canisters, 
provided that all releases occur to the same biosphere object. If a large number of canisters fail, it is 
more appropriate to use the LDF values for a distributed release (Section 13.2.3) when converting 
release to dose, since the release can be expected to be distributed over several landscape objects. 
Illustrations of consequences of extreme cases where all canisters fail at 10,000 and 100,000 years 
are also shown in Figure 13-53. It is noted that the cases where one canister fails yield lower dose 
consequences at one million years compared to single canister failures due both to corrosion (where 
the buffer is eroded away, Figure 13-16), and to shearing (where geosphere retention is neglected, 
Figure 13-47). Additional cases are shown in the Radionuclide transport report.
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13.7.2 The growing pinhole failure
As mentioned in the introduction, this failure mode is hypothetical since the initial state of the 
canisters implies that there will be no penetrating pinhole defects in the copper shell. 

An analysis of this failure mode is, however, relevant in addressing important aspects of the internal 
evolution of the canister. For the pinhole failure mode, the pinhole in the canister wall initially offer 
a considerable transport resistance that is subsequently lost as the defect expands with time, whereas 
the buffer and the geosphere have intact retention properties. It is, therefore, also a convenient 
case for demonstrating the retarding capacity of the buffer and the geosphere and for exploring 
uncertainties relating to these components of the repository. Furthermore, the initially small defect 
is eventually expected to evolve into a large defect, which resembles the case of a failure caused by 
general corrosion of the canister, when the buffer is still intact. Although the likelihood of this latter 
failure mode was found negligible in the analysis of the corrosion scenario, Section 12.6, it is of 
interest to understand its consequences. 

The evolution of the near field (canister and buffer) after canister failure for the pinhole case and 
input data for the transport models, valid for the pinhole case, are described in the Radionuclide 
transport report, where also a number of calculation cases not shown here are found. 

One canister is postulated to have an initial, penetrating defect. Water penetrates through the defect 
into the canister and the time to establish a continuous water pathway between the fuel and the 
canister exterior is pessimistically assumed to be 1,000 years. After an additional pessimistically 
estimated 9,000 years, the pinhole suddenly grows so large that all transport resistance is lost. Three 
exits from the near field are modelled: a fracture intersecting the deposition hole at the vertical posi-
tion of the assumed pinhole defect (near the canister lid), denoted Q1, an excavation damaged zone, 
EDZ, in the floor of the deposition tunnel, Q2, and a fracture intersecting the deposition tunnel, Q3, 
see Figure 13-13 in Section 13.4.1. Geosphere transport data are from the base case of the semi-
correlated hydrogeological DFN model.

Figure 13-53. Postulated failures of one and of all 6,000 canisters at 10,000 years and at 100,000 years. 
The failed canisters are assumed to have no resistance to radionuclide transport. The single canister fail-
ures are calculated with the basic LDF values whereas for the global failures, LDF values for a distributed 
release are applied.
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Dose corresponding to risk limit

10,000 years, 1 failed canister (0.63)
10,000 years, 6,000 failed canisters (443)
100,000 years, 1 failed canister (0.39)
100,000 years, 6,000 failed canisters (218)
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Calculations with COMP23 and FARF31
Figures 13-54 to 13-57 show results for the near-field dose equivalent release and the far-field dose, 
as summed dose and decomposed into the three exit paths for a probabilistic base case calculation. 

The near-field dose equivalent release is dominated by the non-sorbing nuclides I-129 and C-14, 
Figure 13-54. The peak values, occurring at 10,000 years when the canister is assumed to lose all its 
transport resistance, are due to the IRF and/or CRF of these nuclides. The release path Q1 dominates 
the initial releases and those immediately after 10,000 years, whereas the three release paths give 
more equal contributions longer after the failures, Figure 13-55.

The far-field peak total dose, Figure 13-56, is reduced by about a factor of 5 compared with that for 
the near field. Non-sorbing nuclides dominate also the far-field dose. The reduction in dose between 
near field and far field is larger for sorbing species. The initial dominance of Q1 is less pronounced 
for the far field, Figure 13-57, and here, the release paths Q2 and Q3 dominate in the long term.

Several additional cases have been calculated to examine sensitivities to various transport conditions. 
The results are summarised in the text below and in Figure 13-58, and details are provided in the 
Radionuclide transport report. 

Thermally induced spalling may occur in the walls of the deposition holes and decrease the transport 
resistance in the interface between the buffer and the rock, see Section 10.3.5. For the base case 
calculation it is pessimistically assumed that all deposition holes experience spalling. An additional 
probabilistic case without spalling is, therefore, analysed. This yields a reduction of about a factor 
of 40 in total dose equivalent near-field release from Q1, whereas the effects on Q2 and Q3 are very 
limited. The total dose from the near field and the far field are reduced by factors of about 4 and 1.5, 
respectively. It is also noted that the occurrence of spalling does not affect the transport conditions in 
the corrosion and shear load scenarios. 

Figure 13-54. Near-field mean annual effective dose equivalent release for a probabilistic calculation for 
the base case for the pinhole failure mode. Summed doses for all release paths (Q1+Q2+Q3). The legends 
are sorted according to descending peak mean annual effective dose over one million years (given in 
brackets in µSv).
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Figure 13-55. Near-field mean annual effective dose equivalent release for a probabilistic calculation for 
the base case for the pinhole failure mode. Doses decomposed into Q1, Q2 and Q3. The legends are sorted 
according to descending peak mean annual effective dose over one million years (given in brackets in µSv).

Figure 13-56. Far-field mean annual effective dose for a probabilistic calculation for the base case for the 
pinhole failure mode. Summed doses for all release paths (Q1+Q1+Q3). The legends are sorted according 
to descending peak mean annual effective dose over one million years (given in brackets in µSv).
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Figure 13-57. Far-field mean annual effective dose for a probabilistic calculation for the base case for 
the pinhole failure mode. Doses decomposed into Q1, Q2 and Q3. The legends are sorted according to 
descending peak mean annual effective dose over one million years (given in brackets in µSv).

Figure 13-58. Far-field mean annual effective dose for the probabilistic calculations of the pinhole base 
case and cases with no spalling, with different assumptions regarding EDZ properties (EDZ6 and EDZ7 
correspond to transmissivities of 10−6 m2/s and 10−7 m2/s, respectively) and with a crown space in the 
deposition tunnel. The legends are sorted according to descending peak mean annual effective dose over 
one million years.
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The base case has an excavation damage zone (EDZ) transmissivity of 10−8 m2/s. The effects of 
different EDZ transmissivities are examined by considering probabilistic variant cases with no EDZ 
and EDZ transmissivities of 10−6 m2/s and 10−7 m2/s. The latter two cases are included to clarify 
what the effects would be of using a potentially more damaging technique than that of the reference 
method for tunnel excavation. Eliminating the EDZ has virtually no impact on the Q1 release, whereas 
the Q2 release by definition vanishes. The Q3 release is somewhat reduced and this is due to the fact 
that many escape routes from the deposition tunnel are minor fractures connecting the tunnel to the 
EDZ in the base case. Increasing EDZ transmissivity above the base case value of 10−8 m2/s does 
not increase the Q1 release. For Q2, each order of magnitude increase in transmissivity results in 
approximately a factor of 3 increases in near-field and far-field peak releases. Releases through Q3 
are weakly affected. The increase in total far-field mean annual effective dose in going from the base 
case value of 10−8 m2/s to 10−6 m2/s is somewhat less than an order of magnitude, and the effect of 
assuming no EDZ is a reduction by somewhat less than an order of magnitude.

A flow model variant in which tunnel backfill has compacted with a resulting gap at the tunnel crown is 
also analysed, see Section 10.3.6. Early releases from the near field of C-14 are about 3 times higher 
compared to the pinhole case with an intact tunnel backfill, and Q3 is the dominating release path. 
In the longer term Ra-226 contributes considerably to the total dose. For the far field, early releases 
of C-14 are about 8 times higher compared to the pinhole case with an intact tunnel backfill, and 
also here Q3 is the dominating release mode. In the longer term, the total dose from the far field is 
comparable to that of the pinhole base case.

Calculations with MARFA
Several variant cases of the growing pinhole failure mode have been investigated with MARFA to 
understand the sensitivity to various modelling assumptions, the potential for retention in engineered 
structures and soils, and the potential role of bentonite colloids in facilitating transport. MARFA 
was used for this assessment because it has capabilities to fully represent variability along pathways, 
including variability in the type of retention model. For example, MARFA can use an equilibrium 
sorption model for soils and tunnels in combination with matrix diffusion models for the fractured 
bedrock portions of the transport pathways. 

Because the focus here is in understanding modelling sensitivities, a simplified treatment of 
uncertainty is adopted. Preliminary deterministic values are used for initial radionuclide inventories, 
near-field transport parameters, and matrix parameters. Details can be found in the Radionuclide 
transport report. However, full pathway-to-pathway variability is included for flow-related 
transport parameters (the equivalent flow rate, advective travel time, and flow-related transport 
resistance). MARFA uses a segmented pathway representation in which advective travel time and 
flow-related transport resistance vary from segment to segment. Within the DFN regions, a segment 
is that part of a pathline contained within a single fracture. This detailed representation of spatial 
variability is in contrast to that of FARF31, which uses global values for advective travel time and 
flow-related transport resistance for each flow path. The results discussed below are for annual dose 
as expected values taking into account all deposition holes. 

Reference case
The reference pinhole case analysed with MARFA differs from the above base case analysed with 
the COMP23 and FARF31 models in two significant ways: The parts of the pathway in tunnels and 
soil layers are included in the travel time (but no sorption is assumed), and deterministic values are 
used as described above. In particular the first of these factors yields a reduction in the calculated 
mean doses of about an order of magnitude compared to those obtained with the COMP23/FARF31 
models. The far-field geosphere reduces peak total dose by a factor of approximately 20 for the Q1 
path, approximately 5 for Q2, and approximately 2 for Q3. I-129, C-14 and Ra-226 account for 
almost all the far-field and near-field doses for all three release paths. 
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Sensitivity to flow and transport assumptions 
The reference case includes soils and tunnel segments in the transport pathway, but assigns these 
segments zero equilibrium partitioning coefficients for all elements. Thus, the delay introduced by 
a non-zero groundwater travel time through soils and tunnels is accounted for, but retardation of 
sorbing elements is ignored. Effects of the soils and tunnels are summarized in Figure 13-59 for the 
Q1 release path. The blue curve is near-field release and the green curve is the reference case. The 
pink curve neglects the effect of transport in tunnels and soils. The black curve incorporates transport 
with sorption in tunnels and soil layers. There are two main conclusions to be drawn. First, the travel 
time in the tunnels and soil layers decreases the peak dose by a factor of approximately 5 (compare 
pink to green curves). This decrease is mostly due to the effect on the non-sorbing I-129 and C-14. 
Second, sorption in tunnels and soils has no significant effect on total dose. This lack of sensitivity is 
a consequence of the dominant role that the non-sorbing I-129 and C-14 play in determining the total 
dose. Indeed, examination of the far-field releases for individual nuclides (Figure 13-60) reveals that 
releases of sorbing radionuclides such as Ra-226 are significantly reduced by sorption in tunnels and 
soils. 

Cases with different assumptions regarding the EDZ transmissivity and with the assumption of a 
crown space in the deposition tunnel have also been analysed, with similar results to those reported 
above for the COMP23/FARF31 models, see the Radionuclide transport report for details.

The effect of releasing multiple tracer particles per deposition hole (see Section 10.3.6 for details of 
the flow case) is analysed in the Radionuclide transport report. Different tracer particles traverse 
different flow paths, which makes it possible to explore the dispersive effects of different flow paths 
diverging from a single source location. It is shown that the effect of multiple particles (ten) per 
release point relative to the case with a single particle implies very small differences in resulting 
doses. Thus, dispersion caused by having multiple flow paths connect a single source location to the 
biosphere is subordinate to other processes that spread radionuclide mass in time. 

Figure 13-59. Expected values for all-nuclide releases for the Q1 pinhole release, expressed as equivalent 
doses. The blue curve is near-field release and the other curves are far-field releases as follows: pink 
neglects transport in tunnel and soil, green is the reference case (tunnels and soil layers included but with 
no sorption), black has sorption in tunnels and soils. 
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Colloid facilitated transport 
Colloid facilitated transport may be represented in MARFA by replacing two transport parameter groups 
by apparent values, see Section 13.5.6, sub-section ‘Colloid facilitated transport’. The ratio of the 
colloid-free parameters and the apparent values in the presence of colloids depends only on the 
colloid mass density and the partitioning coefficient for sorption onto colloids, see the Radionuclide 
transport report for details. Assuming a colloid mass density of 10 mg/L / Wold 2010/, sorption 
onto colloids is found to have a negligible effect, see the Radionuclide transport report. The main 
reason that colloids do not enhance transport significantly is that the radionuclides I-129, C-14 and 
Ra-226 dominate the near-field and far-field releases, and I, C and Ra do not have a strong affinity 
for bentonite, see the Data report. Elements that have a strong affinity for bentonite and could 
potentially be transported significantly by bentonite colloids are not released from the bentonite 
buffer in sufficient quantities to affect the total dose.

13.7.3 Additional cases to illustrate barrier functions 
Some conclusions regarding loss of barrier functions can be drawn from the analyses already presented. 
In order to provide a fuller treatment, the following cases of barrier deficiencies are postulated:
A. An initial absence of enough buffer to cause advective conditions in the deposition hole for all 

deposition holes.
B. An initial pinhole in the copper shell for all canisters.
C. An initial, large opening in the copper shell and in the cast iron insert for all canisters.
D. A combination of cases A and C, i.e. an initial large opening in all canisters and advective condi-

tions due to loss of buffer for all deposition holes.
E. A combination of case C with an assumption of fast fuel dissolution and fast corrosion of metal 

parts. An initial, large opening in every canister is combined with the assumption of a complete 
fuel dissolution and metal corrosion in only 100 years.

Figure 13-60. Expected Ra-226 release for pinhole Q1 release path and different assumptions about the 
role of tunnels and soils. The blue curve is near-field release and the other curves are far-field releases as 
follows: pink has no tunnel or soil segments in the pathway, green curve is the reference case (tunnels and 
soil layers included but with no sorption), black has sorption in tunnels and soils. 
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A loss of the radionuclide retention capability of the rock is combined with each of the five cases, 
yielding a total of ten release situations. The cases without geosphere retention are denoted A* through E*.

In all cases it is assumed that the backfill and closure are installed and perform as expected. Also, all 
aspects of the rock other than those related to retention, e.g. the near-field groundwater flow, which 
is generally low and with only about one sixth of the deposition holes connected to water conducting 
fractures, as well as the stable and favourable groundwater composition in the near field, are assumed 
to be present. Elemental solubilities are imposed on concentrations of radionuclides in the canister 
void volume only if the buffer is in place. This is the same approach as used in the analyses of the 
corrosion and shear load scenarios, Sections 13.5 and 13.6. 

Table 13-10 gives an overview of the status of the retardation related safety functions, see Figure 8-3, 
for the cases.

The transport and dose calculations are probabilistic, since it is desirable to take into account both 
uncertainties due to lack-of-knowledge in general and the spatial variability of the properties of the 
deposition holes and their associated transport paths in the geosphere. The semi-correlated hydrogeo-
logical DFN model was used for these stylised calculations. Except for the case specific assumptions 
regarding failed barrier functions, all transport data are taken from the Data report. This applies to 
e.g. corrosion rates, fuel dissolution rate, sorption and diffusion data and LDF values.

Table 13-10. Status of safety functions for the ten release situations. In cases denoted with an 
asterisk also geosphere retention is absent. 
Green: Safety function intact
Yellow: Safety function deteriorates over time
Red: Safety function absent initially
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1) When this safety function is present, spalling is still pessimistically assumed in all deposition holes. When this safety 
function is not present, i.e. when the buffer is missing, the groundwater turnover in the deposition hole is still limited by 
the hydraulic properties of the rock.
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The biosphere is here represented by the constant LDF values obtained when the release is distrib-
uted in the landscape according to the time dependent distribution of release locations from the 
repository during an interglacial. Furthermore, since the LDF values are suited primarily to handle 
releases that are constant over periods of time that are comparable to the duration of an interglacial, 
i.e. typically 10,000 years, the releases for these cases are, as a variant, also evaluated with fully 
time dependent modelling of the biosphere. Here, the releases are distributed in the landscape and 
the time dependent doses are presented, rather than a time dependent release converted to dose by a 
constant LDF value.

In the following, each case is discussed briefly using distributed, constant LDFs. The section is 
concluded with summarising accounts of all cases both with LDFs and with time dependent model-
ling of the biosphere. 

Cases A and A*, initial absence of buffer
A 0.5 m high section of the bentonite buffer is assumed to be missing, leaving a void in the form of a 
hollow cylinder between the canister and the wall of the deposition hole. The Q1 fracture, if it exists, 
intersects the deposition hole at the location of the void (see Figure 13-13). The deposition hole 
is otherwise filled with buffer and the deposition tunnel backfill is assumed to be intact. This case 
is analysed in Section 13.5.6, as a variant of the central corrosion case. For most of the deposition 
holes, the groundwater flow and sulphide concentrations are not sufficient to cause canister failure 
during the one million year assessment period. The corrosion calculation takes both the natural 
variability of flow rates for the ensemble of 6,000 deposition holes and the distribution of sulphide 
concentrations in the groundwater into account. This yields a calculated mean number of failed 
canisters of 0.17 at one million years, used also here. Only the deposition holes with the highest 
flow rates in the Q1 fracture contribute. This also means that releases to Q2 and Q3 release paths 
(Figure 13-13) are negligible for these positions. Canisters in positions without a Q1 fracture do not 
fail in this calculation case.

For a failed canister, radionuclide transport in the near field and the far field is modelled as follows.

•	 The	instantaneous	release	fraction	of	the	inventory	dissolves	in	the	water	in	the	void	volume	of	
the canister and the void from the eroded buffer. 

•	 Nuclides	embedded	in	the	metal	parts	of	the	fuel	assemblies	are	released	to	the	void	water	in	
congruence with the corrosion of the metals. This is pessimistically estimated to take on average 
1,000 years. 

•	 Nuclides	embedded	in	the	fuel	matrix	are	released	to	the	void	water	in	congruence	with	the	
dissolution of the fuel matrix. This is estimated to take on average 107 years. 

•	 No	solubility	limits	are	imposed	since	the	buffer	is	not	in	place	to	act	as	a	filter	for	fuel	colloids	
required in order to uphold solubilities. 

•	 Releases	occur	from	the	water	filled	volume	to	the	Q1	fracture,	assumed	to	intersect	the	deposi-
tion hole where the buffer is missing. Only the highest flow rates cause failures. This also means 
that the release to the geosphere for these positions is essentially controlled by the release of 
nuclides from the metal parts and the fuel matrix, since the groundwater flow is sufficiently high 
to carry all the released nuclides away.

•	 The	far-field	development	is	modelled	as	in	all	other	cases	(see	case	B	below),	but	the	retention	
in the far field is generally poor since high flow rates at a deposition position are positively 
correlated with a low F values in the geosphere. 

The consequences are similar to those presented in Section 13.5.6, see Figures 13-28 and 13-29. 
The only differences is that the distributed LDF values are applied and the results are shown in 
Figure 13-67. Many of the radionuclides have decayed to insignificance when the first failures occur 
after close to 50,000 years. Near-field release equivalent doses are dominated by Nb-94 from metal 
parts of the fuel and Ra-226, Pb-210 and Np-237 from the fuel matrix. Far-field doses are dominated 
by Nb-94, Se-79, Ra-226 and I-129. 
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Cases B and B*, initial, penetrating pinhole defect in all canisters
The canister defects are assumed to be the same as those modelled in the growing pinhole failure, 
Section 13.7.2, i.e. an initial, penetrating pinhole that grows into a large failure after 10,000 years, 
but now in all canisters. The deposition hole buffer and the deposition tunnel backfill are assumed 
to be intact. The dose consequences in the biosphere are calculated with the distributed LDF values 
since this is a more realistic approach when releases occur from all over the repository.

The near-field development for this case is modelled as follows.
•	 Every	canister	is	postulated	to	have	an	initial,	penetrating	defect.	Water	penetrates	through	the	

defect into the canister and the delay time to establish a continuous water pathway between the 
fuel and the canister exterior is pessimistically assumed to be 1,000 years. 

•	 The	instantaneous	release	fraction	of	the	inventory	dissolves	in	the	water	in	the	void	volume	of	
the canister. 

•	 Nuclides	embedded	in	the	metal	parts	of	the	fuel	assemblies	are	released	to	the	void	water	in	
congruence with the corrosion of the metals. This is pessimistically estimated to take on average 
1,000 years. 

•	 Nuclides	embedded	in	the	fuel	matrix	are	released	to	the	void	water	in	congruence	with	the	
dissolution of the fuel matrix. This is estimated to take on average 107 years. 

•	 Solubility	limits	are	imposed	since	the	buffer	is	in	place	and	acts	as	filter	for	fuel	colloids.	
•	 Releases	from	the	canister	to	the	buffer	commence	after	the	1,000	years’	delay	time,	but	the	small	

size of the pinhole defect suppresses the release rate considerably compared to the case with a 
large degree of damage. After an additional pessimistically estimated 9,000 years, the pinhole 
suddenly grows so large that all transport resistance from the canister is lost. 

•	 The	nuclides	are	sorbed	with	varying	efficiency	in	the	buffer	and	the	diffusion	and	sorption	
properties determine the time for diffusion through the buffer. If this time is shorter than a few 
half-lives of the nuclide, it passes to the Q1 fracture in the rock. Thermally induced spalling is 
assumed to have occurred in all deposition holes, reducing the transport resistance in the buffer/
rock interface considerably. The release rate is determined by the nuclide concentration in the 
outer part of the buffer and the flow rate in the deposition hole. The flow is obtained from the 
base case of the semi-correlated hydrogeological DFN model.

•	 The	release	rate	is	multiplied	by	the	LDF	value	for	a	release	distributed	in	the	landscape	to	obtain	
a dose equivalent release rate from the near field.

The far-field development for this case is modelled as for all cases:
•	 In	the	rock,	the	nuclide’s	sorption	properties,	together	with	the	rock’s	transport	properties,	

determine the time for transport through the rock to the biosphere. The half-life of the nuclide 
determines whether it passes through the geosphere before decaying to a substantial degree. 

•	 This	release	rate	is	multiplied	by	the	LDF	value	for	a	release	distributed	in	the	landscape	to	
obtain a dose from the far field. 

The consequences are similar to those in the pinhole scenario, see Figures 13-54 and 13-56 for the 
near field and the far field, respectively. The only difference is that all canisters are now assumed to 
have defects, meaning that the probabilistic single-canister results should be multiplied by 6,000 and 
that the distributed LDF values are applied, leading to a reduction of the consequences by typically 
one order of magnitude. The far-field results with all 6,000 canisters are shown in the summarising 
Figure 13-67 later in this section.

Cases C and C*, initial, large opening in all canisters
The canister defects are assumed to be in the form of a large opening in the copper shell and the cast 
iron insert. The deposition hole buffer and the deposition tunnel backfill are assumed to be intact. 

In the reference evolution, some of the deposition holes are affected by buffer erosion to the extent 
that advective conditions occur in the hole. For the stylised case considered here, no such erosion is, 
however, assumed, in order to more clearly demonstrate the role of the canister if all other barriers are 
intact. Combinations of canister and buffer defects are analysed in one of the cases described below. 
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The calculation case is similar to the isostatic collapse probabilistic case for the semi-correlated DFN 
model, applied to all canisters in the repository, with the difference that the failure is assumed to 
exist at deposition. The near-field and far-field releases are calculated with the radionuclide transport 
models used for the isostatic load scenario. 

The near-field and far-field developments for this case are identical to those for the above case with 
initial pinhole defects in all canisters, with the following exceptions.

•	 After	100	years,	all	canisters	are	assumed	to	be	filled	with	water	and	a	continuous	water	pathway	
is established between the fuel and the canister exterior. 100 years is a rough estimate, corresponding 
to an inflow rate of 0.1 L/yr through the buffer to the canister similar to that assumed for canister 
failures due to shear load in Section 13.6. The saturation time of the near field is generally longer 
than 100 years at Forsmark. 

•	 Releases	from	the	canister	to	the	buffer	commence	after	the	100	years,	and	they	are	not	sup-
pressed by the canister due to the assumed, large degree of damage.

The dose equivalent release from the near field is shown in Figure 13-61. The dose is dominated over 
the initial 10,000 years by C-14, Cs-137, Sr-90, Ag-108m, I-129 and Se-79. After about 10,000 years 
Se-79, C-14, Ra-226 and I-129 contribute most to the total dose. Releases of nuclides that sorb 
strongly in the buffer, e.g. Pu-238 and Pu-239, are strongly reduced compared to case D* below 
where the buffer is also assumed to be missing. There is a considerable reduction also of releases of 
Cs-137, Sr-90 and Ag-108m compared to the case in which the buffer is missing.

The dose from the far-field release is shown in Figure 13-62. The peak total dose is reduced by less 
than an order of magnitude compared to the near-field release, whereas doses from many of the 
short-lived or sorbing nuclides are considerably reduced. 

Figure 13-61. Near-field dose equivalent release for case C*, i.e. all canisters have an initial large defect 
and the buffer is intact. 
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It is noteworthy that this completely unrealistic case of initial loss of containment function for all 
canisters in the repository yields far-field releases, converted to doses, which never exceed the 
background radiation. However, the containment function is required for a majority of the canisters 
in order to fulfil the regulatory requirement on risk at Forsmark. 

The long-term release rate of I-129 equals, to a good approximation, the release rate of this nuclide 
from the fuel matrix. This is caused by the assumed absence of sorption and long half-life of I-129. 
Regarding the calculated dose from I-129 for this and other hypothetical cases in this section, 
it is noted that the mitigating effect of mixing of I-129 with naturally occurring stable iodine is 
disregarded in the biosphere models.

Cases D and D*, initial large opening in all canisters and advective conditions due to 
loss of buffer for all deposition holes
The defects are assumed to be the same as those modelled in the corrosion scenario, i.e. a large 
opening in the copper shell and the cast iron insert and a section of the bentonite buffer is missing 
where the canister is damaged, leaving a void between the canister and the wall of the deposition 
hole in the form of a hollow cylinder. The deposition hole is otherwise filled with buffer and the 
deposition tunnel backfill is assumed to be intact. This means that releases occur predominantly to 
the Q1 fracture, if it exists. The near-field and far-field releases are calculated with the radionuclide 
transport models used for the corrosion scenario and applied to all deposition holes. 

Figure 13-62. Far-field dose for case C, i.e. all canisters have an initial large defect and the buffer is intact. 

0.001

0.01

0.1

1

10

100

1,000

100 1,000 10,000 100,000 1,000,000

Time (yr)

Sum

Ag108m

C14

Cs137

Sr90

Ni63

Am241

I129

Se79

Nb94

Ni59

Ra226

Pb210

Np237

Pu239

Pu240

Tc99

Cs135

Sn126

Cl36

Pu242

Am243

Typical background radiation in Sweden

M
ea

n 
an

nu
al

 e
ffe

ct
iv

e 
do

se
 (µ

Sv
)

Dose corresponding to risk limit



TR-11-01 717

The near-field and far-field developments for this case are identical to those for the above case with 
initial pinhole defects in all canisters, with the following exceptions. 

•	 After	100	years,	all	canisters	are	assumed	to	be	filled	with	water	and	a	continuous	water	
pathway is established between the fuel and the canister exterior. 100 years is a rough estimate, 
corresponding to an inflow rate of 0.1 L/yr to the canister. The saturation time of the near field is 
generally longer than 100 years at Forsmark.

•	 No	solubility	limits	are	imposed	since	the	buffer	is	not	in	place	to	act	as	a	filter	for	fuel	colloids.	

•	 For	deposition	holes	that	have	a	Q1	fracture,	releases	occur	from	the	water	filled	volume	to	this	
fracture, assumed to intersect the deposition hole where the buffer is missing. The release rate 
is determined by the flow rate in the fracture and the size of its intersection with the deposition 
hole, taken to be equal to the deposition hole diameter. The flow is obtained from the semi-
correlated hydrogeological DFN model, and multiplied by a factor of two to account for the 
locally increased flow due to the void from the missing buffer.

The dose equivalent release from the near field is shown in Figure 13-63. The dose is dominated the 
initial 10,000 years by the IRF and/or CRF of Ag-108m, Cs-137, Sr-90, C-14 and Nb-94. Note that only 
the generally low flow rates at Forsmark limit the releases for the IRF/CRF. After about 10,000 years 
Nb-94, Pu-239, Pu-240, Np-237, Ra-226, Pb-210 and I-129 contribute most to the total dose.

The dose from the far-field release is shown in Figure 13-64. The total dose is reduced by about 
a factor of 10 compared to the near-field release. For the earliest releases this is an effect of the 
travel time in the geosphere. In the long term, strongly sorbing nuclides like Pu-239 and Pu-240 are 
retained in the geosphere. It is noteworthy that this completely unrealistic case of initial absence of 
all transport limitations in the engineered parts of the repository yields far-field releases, converted 
to doses, that exceed the background radiation by a factor of about five initially and that in the long 
term are less than a factor of ten above the risk limit. 

Figure 13-63. Near-field dose equivalent release for case D*, i.e. all canisters have an initial large defect 
and the buffer is missing between the defect in the canister and the wall of the deposition hole. 
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Figure 13-64. Far-field dose for case D, i.e. all canisters have an initial large defect and the buffer is 
missing between the defect in the canister and the wall of the deposition hole.

Cases E and E*, initial, large opening in all canisters and rapid fuel dissolution and 
metal corrosion
These cases are identical to cases C and C*, (all canisters have a large opening in the copper shell 
and the cast iron insert), except that for cases E and E* complete fuel dissolution and metal corrosion 
is assumed to occur in 100 years after water contacts the fuel. The containment function of not 
only the canister but also of the fuel matrix and the structural parts of the fuel is thus assumed to be 
absent. The deposition hole buffer and the deposition tunnel backfill are assumed to be intact. 

The near-field and far-field developments for these cases are identical to those for cases C and C* 
with the exception of the fast fuel dissolution and metal corrosion.

The dose equivalent release from the near field is shown in Figure 13-65. The dose is dominated by 
C-14, Cs-137, Sr-90 and I-129 for more than 10,000 years. In the longer term, Ra-226 and Se-79 
together with I-129 contribute most to the total dose. Note that the release of Ag-108m is identical 
to that in case C* since this release is controlled by the solubility of Ag and not by corrosion in the 
model. The early releases of Sr-90, Cs-137 and I-129 have increased in inversed relation to the IRF 
values for these nuclides; cases E and E* are similar to assuming 100% IRF for all nuclides. The 
decrease of I-129 at very long times is caused by depletion of I-129 from the repository and the host 
rock through outward transport and not through decay.

The dose from the far-field release is shown in Figure 13-66. The peak total dose is reduced by more 
than an order of magnitude compared to the near-field release, and doses from many of the short-
lived or sorbing nuclides are considerably more reduced. 
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Figure 13-65. Near-field dose equivalent release for case E*, i.e. all canisters have an initial large defect 
in combination with a rapid fuel and metal conversion and the buffer is intact. 

Figure 13-66. Far-field dose for case E, i.e. all canisters have an initial large defect in combination with a 
rapid fuel and metal conversion and the buffer is intact. 
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Summary of results with distributed LDF values
The summed dose for each case discussed above is given in Figure 13-67. 

The following are noted.

After about 10,000 years, the doses for all cases are below the dose caused by typical background 
radiation in Sweden, except the case where retention properties of canisters, buffer and rock are 
all disregarded (case D*) and that with rapid fuel dissolution in combination with failed canisters 
(cases E and E*). The low flow and favourable groundwater chemistry of the rock and the presence 
of backfill and closure of the repository tunnel thus provide substantial protection from a fuel with 
unaltered dissolution rate.

If all canisters have large defects initially, but the barrier system is otherwise intact, case C, the peak 
annual dose to the most exposed individuals in the landscape does not exceed that caused by typical 
background radiation in Sweden, i.e. 1 mSv. Beyond 10,000 years this annual dose is less than an 
order of magnitude above the risk limit of 0.014 mSv.

If all canisters have large defects initially, and if also the buffer is assumed to be missing between 
the canister damage and the wall of the deposition hole, case D, the dose is around ten times the 
background radiation the first few hundred years, but is after 1,000 years quite similar to the case 
where the buffer is in place, case C. This suggests that the buffer is, from the point of view of total 
dose, not important as a retention barrier in this time perspective. However, a comparison between 
Figures 13-63 and 13-61 shows that the buffer has a considerable impact on near-field releases of 
many sorbing nuclides that do not dominate the dose.

With a large degree of damage to the canisters, the buffer missing and retention in the rock disregarded, 
case D*, the calculation results suggest annual doses in the Sievert range in the initial 1,000 years. 
This is a demonstration of the necessity of properly protecting man and the environment from 

Figure 13-67. Results of stylised cases to illustrate loss of barrier functions. Note that an omission of the 
“rock” barrier in these cases refers to omission of retention of radionuclides in the rock fractures only, 
whereas the favourable, low flow rate at repository depth and the favourable geochemical conditions are 
still taken into account.
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the spent nuclear fuel, in particular in the 1,000 year time frame. It is noted that a more realistic 
treatment of corrosion of the AgInCd alloy of the PWR control rods would likely reduce the total 
dose, dominated by Ag-108m, by at least a factor of 10 the first 100 years and more between 100 and 
1,000 years. Corrosion data for the control rods are discussed in the Data report, Section 3.2.7. 

Beyond 10,000 years, the total dose is comparable to that caused by the background radiation even 
when neglecting the retention properties of all three barriers, case D*.

As expected, the cases with initial pinhole defects, case B, and that with large initial defects, case 
C, are quite similar beyond 10,000 years, when the pinhole defects are assumed to have grown into 
large defects. It is also noted that neglect of rock retention does not affect the total dose much for 
these cases after about 1,000 years. However, a comparison between Figures 13-62 and 13-61 shows 
that the rock has a considerable impact on far-field releases of many sorbing nuclides that do not 
dominate the dose. 

A comparison of cases C and E shows the considerable containment function of the waste form for 
more than 100,000 years.

Summary of results with time dependent modelling of the biosphere
As mentioned in the introduction, the LDF values are suited primarily to handle releases that are 
constant over periods of time that are comparable to the duration of an interglacial, i.e. typically 
10,000 years. Therefore, the releases for most of the above cases were also evaluated with a fully 
time dependent modelling of the biosphere. Here, the releases are distributed in the landscape 
according to the time dependent spatial distribution of release points from the repository and the time 
dependent doses are presented, rather than a time dependent release converted to dose by a constant 
LDF value. This modelling was for assumed temperate conditions over a period of 60,000 years. The 
results are given in Figure 13-68. The solid curves are doses obtained with distributed LDF values 
(i.e. the same curves as in Figure 13-67) and the dashed curves are the corresponding doses obtained 
with time dependent modelling of the biosphere.

Figure 13-68. Results of stylised cases to illustrate loss of barrier functions.  
Solid lines: Same as in Figure 13-67 (dose conversion through distributed LDF) 
Dashed lines: Corresponding cases with time dependent dose modelling.
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The time dependent, dashed curves are generally within an order of magnitude of, but below, the 
curves obtained with LDF values. The one exception is the case where the retention properties of the 
canister, the buffer and the rock are all disregarded, case D*. Here, the time dependent doses from 
Ag-108m around 1,000 years and from C-14 around 20,000 years exceed those obtained using the 
LDF. This is caused by accumulation and delay effects in the biosphere: The release of Ag-108m 
from the near field decreases rapidly over the initial hundreds of years and hence also the release 
multiplied by the LDF value. In the time dependent case, some Ag-108m is accumulated in the 
landscape and this, in combination with the development of landscape objects, leads to a delayed 
release that exceeds the release obtained with the LDF values. 

13.8 Radionuclide transport in the gas phase 
Radionuclide transport in the gas phase, described by the processes Bu26, BfT22 and Ge25 for the 
buffer, the deposition tunnel backfill and the geosphere, is addressed in this section.

The formation of a gas phase is not possible for the corrosion scenario, since there is no buffer that 
can contain the gas in that case and the hydrogen is sufficiently soluble in water to be carried away 
by the advective flow i.e. gas can only accumulate if the buffer is intact. Hydrogen dissolution is 
a function of both the gas generation rate and water availability. The following description is valid 
for the shear load scenario, and the what-if cases treating the initial pinhole defect and the canister 
failure due to isostatic load. 

The sealing properties of the buffer make it possible for a gas pressure to build up and a pulse of 
hydrogen gas to be released from a defective canister due to corrosion of the iron insert. Some radio-
nuclides could potentially enter the gas phase and thereby be transported to the surface much more 
rapidly than would be the case for the aqueous pathway. In practice, only C-14 and Rn-222 are likely 
to enter the gas phase to any significant extent. (H-3 is expected to have decayed to insignificant 
levels before gas release could occur.)

It is assumed that if gas production exceeds the ability of the surrounding groundwater to take it 
into solution and transport it away from the canister that a pressure will build up within and adjacent 
to the canister. Based on experimental evidence / Harrington and Horseman 2003/, the bentonite 
is assumed to ultimately open by fracturing and release gas when the internal pressure exceeds 
20 MPa. A rapid outflow would be expected until the pressure fell to values below ~10 MPa when 
the buffer would seal and further gas transport would be by diffusion (however, see also below). 
This means that half of the gas inside the canister would be released instantaneously together with 
the radionuclides contained in that amount of gas. Neither the buffer nor the geosphere is expected 
to significantly delay the transport to the biosphere.

After the initial breakthrough pulse, the pathway is expected to stay open as long a there is substan-
tial gas production in the canister. After the breakthrough pulse, the gas is expected to be released 
at the same rate as it is produced by corrosion. The buffer will only close if the gas production falls 
to levels where the gas can dissolve and diffuse away. This means that either the pathway will stay 
open as long as there is a gas source or the pathway will open and close, causing repeated gas cycles.

Due to the uncertainties of the chemical form of carbon in the spent fuel, it is pessimistically assumed 
that the entire inventory of C-14 can enter the gaseous phase. The full inventory of Rn-222 is also 
assumed to be in the gaseous phase. 
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The time for gas breakthrough is determined by the failure time of the copper shell and the corrosion 
rate of the canister insert (see Section 13.5.2). At the time of breakthrough, half of the inventory 
of C-14 and Rn-222 is taken to be released immediately to the biosphere. The remaining gaseous 
inventory (and the Rn-222 that is produced) is then taken to be released together with the gas 
that is produced continuously. However, this release is neglected, since it will be insignificant in 
comparison with the pulse release. If the release occurs in the first 10,000 years (unlikely) the release 
of C-14 would be about 10 GBq. A release of Rn-222 would be about 25 GBq if the release occurred 
after 100,000 years.

In / SKB 2006g, h/ the calculated exposures from pulse releases of C-14 and Rn-222 are presented. 
C-14 may be released as methane (CH4) or carbon dioxide (CO2). It is assumed that if C-14 is 
released as methane from the repository, it will be oxidised to carbon dioxide by soil organisms. 
There are several alternatives regarding the fate of methane in its travel towards the surface:

1. Nothing happens and it will be released as gas to the atmosphere.

2. Microorganisms incorporate methane in the biosynthesis of other organic substances (i.e. not an 
oxidation). Eventually this organic carbon will be released by respiration to CO2. This may occur 
in the rock as well as in the regolith.

3. Other microorganisms utilise the carbon source and produces CO2 (i.e. an oxidation). This may 
occur in the rock as well as in the regolith. 

4. The produced CO2 will either degass to the atmosphere or be used in the photosynthesis by 
aquatic or terrestrial algae/plants. This may occur in surface ecosystems.

Thus, if a pessimistic approach is taken, the release as CO2 will at least be handled in the biosphere 
model before it is released to the atmosphere. Methane released to the atmosphere is unlikely to be 
utilised. However, the potentially increased mobility of a gas in the geosphere is not considered. 

Radon is a noble gas and will not undergo chemical transformations. Two exposure cases are 
considered, one outdoors where radionuclides can be inhaled or consumed via uptake in plants in an 
area of 10,000 m2, subject to a wind speed of 2 m/s and a mixing height of 20 m, the other inhalation 
of radionuclides indoors in a house with a volume of 1,000 m3 and a ventilation rate of 2 h−1. For 
C-14, exposure may occur via inhalation or ingestion, for Rn-222 only inhalation of Rn-222 and 
its radioactive daughter products needs to be taken into account. A summary of the results is given 
in Table 13-11. It is noted that no account for decay in transit from the repository to the surface is 
taken, making the results for Rn-222, with a half-life of only 3.8 days, further pessimistic.

If the gas pressure is built up during a period of glaciation, the hydrostatic pressure from the ice has 
to be added to the gas breakthrough pressure. This may lead to internal pressures of  about 50 MPa 
inside the canister. If the retreat of the ice is rapid, this could lead to pressure drops of around 40 MPa 
and consequently 80% of the gaseous inventory would be instantaneously released.

The highest dose from a gas pulse of Rn-222 occurs in buildings. It is below the regulatory limits for 
an annual average life time risk for a repository, and it is considerably lower than the consequences 
of today’s limit of 200 Bq/m3 for radon in buildings in Sweden, which gives about 2 mSv/y.

Table 13-11. Calculated annual mean life time risk from pulse releases of C-14 and Rn-222 for 
a single canister / SKB 2006g, h/. 

Pathway C-14 (μSv) 
(10 GBq release)

Rn-222 (μSv) 
(25 GBq release)

Ingestion 0.036 –
Inhalation outdoors 4.4·10−5 0.22
Inhalation indoors 0.0028 7.2
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13.9 Risk summation 
13.9.1 Introduction
The calculated risk as a function of time is an essential component of the compliance demonstration 
for the final repository. This section gives a summation of the risk contributions from the analysed 
scenarios.

According to the previous sections of this chapter, radiological consequences may arise for the 
scenarios in which canister failures due to copper corrosion and due to shear load occur. In the fol-
lowing, each of these is considered in isolation and then the total risk associated with the repository 
is discussed.

It is noted that also the main scenario gives rise to consequences, but that these are assessed as equal 
to the central corrosion case and subsumed under the corrosion scenario. 

As a basis for the discussion, a number of dose curves calculated in the analyses of the corrosion 
and shear load scenarios are converted to risk and shown in Figure 13-69. The effective dose to risk 
conversion factor of 0.073 Sv−1 has been used in accordance with SSM’s regulations (Appendix A). 

13.9.2 Risk associated with the corrosion scenario
Consequences have been calculated for the six corrosion variants identified in the corrosion scenario, 
each with base case transport data and conditions. For the central corrosion variant, five additional 
cases have been calculated exploring alternative transport conditions and data.

Figure 13-69. Risk curves, expressed as annual individual risk. Several alternatives for the corrosion 
scenario are shown, and two for the shear load scenario. The bounding, dashed curve is the sum of the 
curve for the shear load failure followed by advective conditions (dark green) and the curve for the variant 
of the corrosion scenario yielding the highest risk (brown). The risk associated with the main scenario is 
subsumed under the corrosion scenario as it is equal to the semi-correlated case (blue). 
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Consideration of the six corrosion variants 
The uncertainties associated with the erosion process are illustrated by the differences between 
the case with the SR-Site erosion model and the case with the highly pessimistic assumption of 
initial advection, for a given hydrogeological DFN model. The initial advection cases put an upper 
bound on the possible consequences in terms of corrosion of the buffer erosion process. It bounds 
the impact on risk of uncertainties regarding the buffer erosion process, and covers impacts of 
gradually deteriorating functions of the buffer. It is, however, a highly pessimistic upper bound on 
the consequences. It is, therefore, argued that the central corrosion cases are reasonable and cautious 
representations of the risk associated with the corrosion scenario. However, since it is not possible to 
quantify several of the uncertainties associated with the erosion process, the pessimistically bound-
ing cases of initial advection are also included as alternatives in the risk summation, noting that this 
case is clearly unrealistic as concerns the erosion process. 

It is also noted that there are three corrosion variants where advective conditions arise in no deposi-
tion holes and where no canister failures due to corrosion occur. The risks associated with these 
variants are thus zero.

The uncertainties associated with the hydrogeological DFN model are illustrated by the differences 
between the cases with three different hydrogeological DFN models for a given assumption regard-
ing buffer erosion. The semi-correlated DFN model is more compatible with the understanding of 
the water transmissive properties of fractures in crystalline rock. The uncorrelated and the fully cor-
related models are extreme variants of the correlation between fracture size and transmissivity, and 
are both seen as unrealistic. However, since the semi-correlated model gives the lowest consequences, 
and since it is not possible to quantify the degree of correlation in a strict sense, the uncorrelated and 
the fully correlated models are included as alternatives in the risk summation.

Consideration of the five alternative transport cases 
Regarding alternative transport conditions, five alternatives to the central corrosion case have been 
calculated for the semi-correlated hydrogeological DFN model (not included in Figure 13-69). The 
two cases with mobile thorium in the near field and inclusion of solubility limits yield somewhat 
lower dose consequences than the central corrosion case. The three calculations of time dependent 
flow and colloid facilitated transport in the geosphere suggest that the dose consequences are 
lowered if groundwater flow, rock Kd-values and LDF values are allowed to vary in accordance with 
a simplified climate development for the reference evolution. Furthermore, the dose consequences 
may temporarily be increased by a factor of less than three with colloid facilitated transport and for 
the highly pessimistic assumption that the colloid concentration is 10 g/L all along the geosphere 
transport path for 30 percent of both the temperate and the glacial climate domains, see Figure 13-34. 

Based on these results, the central corrosion case, with base case transport conditions, is seen as a 
reasonable, cautious representation of the risk associated with the corrosion scenario for the semi-
correlated hydrogeological DFN model, taking uncertainties in transport conditions into account. 
This also suggests that the other five corrosion variants, which have only been calculated for base 
case transport conditions, are appropriate representations with respect to assumptions regarding 
radionuclide transport. 

Contribution from the IRF pulse
The annual risk associated with the IRF pulse contribution is obtained by multiplying the contribu-
tion of the IRF to the mean annual dose (calculated as for the central corrosion case, see Table 13-6 
in Section 13.5.4) by 0.073 Sv−1. The result of this procedure is shown for the case yielding the high-
est risk, i.e. that with the fully correlated hydrogeological DFN model and assuming initial advection 
in Table 13-12. As seen in the table, the highest annual risk is 4.7·10−10, i.e. more than three orders of 
magnitude below the risk limit. By comparing the pulse risk in each time interval to the risk curve, 
it is concluded that the pulse releases give negligible contributions to the calculated risk. They do, 
however, need to be considered in the account of risk dilution, see below. It is also noted that this 
treatment assumes that temperate conditions are prevailing. Including probabilities of periglacial and 
glacial climate conditions would reduce the calculated risk further. 
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Table 13-12. Risk associated with the pulse release for the case with the correlated hydrogeologi-
cal model and initial advection. See Section 13.5.4 for further explanation. 

Time interval  
[yr]

pFail pExpo DTotPulse  
[μSv]

Annual risk

0–100,000 4.3·10–2 4.3·10–4 6.3a 2.0·10–10

100,000–200,000 1.1·10–1 1.1·10–3 5.9 4.7·10–10

200,000–300,000 1.2·10–1 1.2·10–3 5.5 4.7·10–10

300,000–400,000 9.0·10–2 9.0·10–4 5.3 3.5·10–10

400,000–500,000 8.2·10–2 8.2·10–4 5.0 3.0·10–10

500,000–600,000 7.3·10–2 7.3·10–4 4.8 2.6·10–10

600,000–700,000 6.0·10–2 6.0·10–4 4.6 2.0·10–10

700,000–800,000 9.0·10–2 9.0·10–4 4.5 3.0·10–10

800,000–900,000 1.2·10–1 1.2·10–3 4.4 3.7·10–10

900,000–1,000,000 8.2·10–2 8.2·10–4 4.3 2.5·10–10

aThis value determined for the time of the first canister failure, 48,000 years.

13.9.3 Risk associated with the shear load scenario
The two risk curves associated with the shear load scenario shown in Figure 13-69 are obtained from 
the calculated mean annual dose for the case with an intact buffer according to Figure 13-48 and the 
case with advective conditions in the deposition hole Figure 13-52, applied after a pessimistically 
chosen 10,000 years for reaching advective conditions through buffer erosion. These cases are both 
bounding with respect to the pessimistic treatment of the probability of earthquakes, of the transport 
conditions in the near field and to the neglect of geosphere retention. Between the two, the case with 
advective conditions is bounding.

In addition, since the occurrence of earthquakes is a stochastic process, it cannot be entirely ruled 
out that a detrimental earthquake would occur during the initial 1,000 years. The probability that one 
out of the 6,000 canisters has failed at the end of the initial 1,000 year period is estimated at 2.4·10−5, 
see Section 10.4.5, i.e. 40,000 repositories, each with 6,000 canisters would have to be constructed 
in order for there to be an expectation of one failure during the initial 1,000 years. Despite this 
extremely low probability, a risk contribution was calculated for the first 1,000 years, with the 
result	that	the	expected	dose	rate	is	around	0.001	μSv/yr,	see	Figure	13-49	in	Section	13.6.	This	
corresponds to an annual risk of 10−10/yr, i.e. below the risk scale of Figure 13-69.

Regarding the risk contribution from the IRF pulse, a similar treatment to that above can be made, 
where only the pFail values would differ. Since these values are lower for the shear load scenario (the 
total failure probability over the entire one million year assessment period is 0.079) and since the 
risk for the corrosion scenario is very small, no such account is given. 

13.9.4 Risk dilution 
The issue of risk dilution is discussed in the methodology Section 2.6.2 and needs to be addressed 
both for the corrosion scenario and for the shear load scenario. Doses in both these scenarios are 
accounted for as a continuous contribution and as relatively short pulse contributions. 

The total doses from the continuous contributions have, for a fixed failure time, an initial peak of 
limited duration followed by an increasing curve that generally grows beyond the value of the initial 
peak. Since this means that the maximum dose occurs at the end of the one million year assessment 
time, risk dilution is not an issue for the continuous contributions; the maximum risk is experienced 
by the same hypothetical generation living at the end of the assessment period irrespective of failure 
time.	This	is	verified	by	comparing	the	peak-of-the-mean	value	(0.177	μSv/yr)	to	the	mean-of-the-
peaks	value	(0.179	μSv/yr)	for	the	central	corrosion	case	(see	Section	2.6.2	for	an	explanation	of	
these	concepts).	For	the	shear	load	scenario,	the	peak-of-the-mean	is	0.15	μSv/yr	and	the	mean-of-
the-peaks	is	0.28	μSv/yr.
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Regarding the pulse contributions, the situation is different. Doses occur immediately after the 
canister failure and last short time intervals compared to the assessment time. The probabilistic 
treatment of the mean annual dose according to Table 13-12 leads to risk dilution as a consequence 
of the distribution of failure times. The peak doses given in Table 13-5 for the central corrosion case 
are an illustration of such doses. To address risk dilution for such short term releases, Appendix 1 
to SSMFS 2008:37, reproduced in Appendix A of this report, suggests that risk dilution can be 
addressed by calculating an “accumulated short-term risk” (SKB’s terminology) as

DTotPulse(T) · ( )∫
T

T

df
0

ττ  · 0.073 Sv−1

and comparing this entity to the risk limit. In this expression, T0 is the time of closure of the reposi-
tory, and f is the time dependent frequency of canister failures. The results of such a calculation 
for the corrosion (correlated case with initial advection) and shear load scenarios are shown in 
Figure 13-70. The result shows the peak risk future individuals could be exposed to once during the 
one million year assessment period. The calculated entities in the figure are not comparable to the 
risk curves for the continuous releases and cannot be said to represent a true risk in the same sense 
as the continuous release. Rather, they represent a formal way of addressing the issue of risk dilution 
for short-term releases. The sum curves in Figure 13-70, and their total if they were to be added, are 
below the risk limit and hence the risk criterion is fulfilled also for this bounding way of addressing 
risk dilution. 

It is also noted that both the LDF values used for the continuous releases and the pulse LDF values 
are derived by assuming that all of the release occurs to each biosphere object and the values 
obtained for the object giving the highest doses is then used for LDFs and pulse LDFs. There is 
hence no risk dilution due to uncertainty as to the biosphere object to which the release will occur. 

Figure 13-70. Accumulated short-term risk from IRF pulses in the corrosion (thick, brown curve) and 
shear (thick, black curve) scenarios. Also contributions from individual nuclides are shown for the shear 
scenario. The distribution of canister failure times for the corrosion scenario is taken from the fully cor-
related case assuming initial advection.
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13.9.5 Extended discussion of risk for the initial 1,000 years
Introduction
According to SSMFS 2008:37, a more detailed account of the protective capability of the repository 
is required for the initial 1,000 years after closure. Since the radiological hazard of the waste is 
highest for this time period it is particularly important to account for repository evolution, safety 
functions and risk in this time frame. Such an account is provided in the following, largely based on 
material from previous parts of this main report. 

Initial state
All canisters are assessed to be tight at deposition. The initial copper coverage is discussed in the 
account of the initial state of the canister in Section 5.4.3. The initial minimum copper thickness is 
given as 47.5 mm in Table 5-9. Taking also the occurrence of local internal defects in the copper 
shell into consideration, no canisters are assessed to have local reductions exceeding 20 mm. This 
is the manufactured and inspected thickness of the corrosion barrier after the final machining of the 
canister components.

Also, according to Section 5.5.3, the buffer is expected to be emplaced according to the reference 
design leading to an initial state where the buffer will acquire its long-term safety related properties 
after water saturation. 

Modelling of the general evolution of the repository
As required by SSM’s regulations, many aspects of the repository evolution have been modelled in 
detail for the initial 1,000 years. This concerns the thermal, mechanical, hydraulic and chemical evo-
lutions, as well as effects on the buffer and the canister. Detailed accounts are given in Sections 10.2 
(the excavation and operational phases) and 10.3 (the initial period of temperate climate after 
closure). Also the biosphere development is modelled in detail during this time period.

According to Sections 10.2.5 and 10.3.13, no canister failures due to corrosion during the excava-
tion/operational phase and during the initial 1,000 years of the reference evolution are expected. 
As concluded in Section 10.3.13 the total amount of copper corrosion during the excavation and 
operational phases and the first 1,000 year period can be estimated to be less than 1 mm, when 
taking into account the contributions from residual oxygen in the repository and possible microbial 
sulphate reduction as well as the contribution from sulphides in the bentonite and backfill. Given the 
initial state of the copper coverage above, the margin to failure due to corrosion is hence very large. 
No challenge to this conclusion was found in the analysis of the corrosion scenario in Section 12.6. 

The same applies to failures due to isostatic loads on the canisters, briefly treated in the reference 
evolution Section 10.3.13 and further in the scenario addressing this failure mode in Section 12.7. 
The isostatic pressures during the initial 1,000 years are considerably lower than those that may 
occur during later, glacial conditions, that the canister is designed to withstand. Pressures from 
uneven swelling of the bentonite buffer have been addressed in the design analysis of the canister 
(Section 5.4), with the conclusion that the probability that the canister will not withstand the loads is 
negligible. 

Shear loads on the canister may occur as a consequence of large earthquake induced secondary shear 
movements in fractures intersecting deposition holes. Although the likelihood for large earthquakes 
is higher during glacial rebound, it cannot be entirely ruled out that a detrimental earthquake would 
occur during the initial 1,000 years. 

The probability that one out of the 6,000 canisters has failed at the end of the initial 1,000 year 
period is estimated at 2.4·10−5, see further Section 10.4.5, i.e. hypothetically 40,000 repositories, 
each with 6,000 canisters would have to be constructed in order for there to be an expectation of one 
failure during the initial 1,000 years. 
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Calculated risk for the initial 1,000 years
Of the three identified failure modes of the canister, i.e. failure due to corrosion, due to shear load 
and due to isostatic loads, corrosion and isostatic load induced failures can thus be ruled out with 
large margins for the first 1,000 years.

Failures due to shear load are extremely unlikely according to the above, and since no probability 
limit for excluding a risk is adopted in SR-Site, a risk contribution was calculated for the first 
1,000 years, as reported in Section 13.6.2, with the result that the mean annual dose is at most around 
0.001	μSv/yr	corresponding	to	a	risk	of	10−10/yr, see Figure 13-49. This analysis builds on detailed 
modelling of the biosphere development and radionuclide transport in the developing landscape 
during the initial 1,000 years, as required by SSM’s regulations.

It is noted that this calculation case is based on several pessimistic assumptions regarding the 
probability of shear failure, the modelling of the near field and in the neglect of geosphere retention 
(Table 13-13). Additional pessimistic assumptions of relevance for the initial 1,000 years concern the 
time to establish water contact with the fuel, assumed pessimistically to be 100 years neglecting the 
build-up of a counter pressure in the canister interior as water enters the canister and neglect of the 
containment function of the Zircaloy cladding.

Based on the above, it is concluded that the analysed repository at Forsmark complies with the 
regulatory risk criterion during the initial 1,000 years after closure with a considerable margin.

Discussion of the barrier system for the initial 1,000 years
According to extensive analyses in the corrosion scenario, even a hypothetical initial absence of the 
buffer in all deposition holes does not lead to failure of canisters for tens of thousands of years. It is 
thus not relevant to discuss hypothetical buffer malfunction further in the 1,000 year perspective. For 
the same reason, the retention properties of the host rock are not further discussed here.

Regarding the canister, as mentioned above, all canisters are assessed to be tight at deposition. To 
discuss the barrier system in a 1,000 year perspective, a hypothetical case where a canister is not 
initially tight, may be considered. In such a case, there are several factors that contribute to safety 
according to the following.

•	 For	the	fuel:
– The containment function of the fuel matrix.
– The containment function of the structural parts of the fuel elements.

•	 For	the	canister:
– The time required to fill the canister with water.
– The containment function of the Zircaloy cladding. 

•	 For	the	buffer:
– Its contribution to delaying water saturation and limiting the rate at which the canister fills 

with water.
– radionuclide retention.

•	 For	the	host	rock:	
– Its favourable hydrogeological properties, contributing to slow water saturation and limited 

release rates.
– Radionuclide retention.

In the following, each of these factors is briefly discussed.

The containment functions of the fuel matrix and of the structural parts of the fuel elements
These factors were discussed in the analyses of cases with assumed, complete losses of barrier func-
tions in Section 13.7.3. There, it was concluded that the waste form has a considerable containment 
function for more than 100,000 years.
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The time required to fill the canister with water
In the Data report it is shown that for a hypothetical, circular penetrating defect with a radius of 
2 mm it will take more than 20,000 years to fill the canister with water. To cover any shape of the 
defect, the delay time is pessimistically estimated to be at least 1,000 years, used as the pessimistic 
delay time in the hypothetical pinhole case analysed in Section 13.7.2. 

The derivations of all these delay times neglects the effect of gas generated by corrosion of the insert 
by the penetrating water, which could lead to substantially longer delay times / Bond et al. 2007/. 

The buffer’s contribution to delaying water saturation and limiting the rate at which the 
canister is filled with water
A prerequisite for water to enter into the canister is a fully water saturated buffer. The saturation 
times for both backfill and buffer are likely to range from a few tens of years to several thousand 
years, as a consequence of the rock properties (matrix hydraulic conductivity and presence and 
characteristics of fractures) at Forsmark. Consequently, in many deposition hole positions, no water 
would be expected to come into contact with the waste during the first 1,000 years even if there were 
an initial defect in the canister. 

The containment function of the Zircaloy cladding 
According to the Fuel and Canister process report, available data suggest a life of the cladding 
tubes of at least 100,000 years. Although Zircaloy is highly resistant to uniform corrosion, due to its 
potential susceptibility to local corrosion in groundwaters and to hydrogen induced cracking, clad-
ding is not assumed to constitute a barrier to radionuclide release from the fuel in SR-Site. However, 
even a cladding with small cracks or corrosion defects would offer a large mass-transport resistance 
for water to get into contact with the fuel and for dissolved radionuclides to exit into the canister void. 

Radionuclide retention in the buffer
The retention properties of the buffer are exemplified in the calculation cases with assumed complete 
losses of barrier functions in Section 13.7.3. A comparison between Figures 13-63 and 13-61 shows 
that the buffer has a considerable impact on near-field releases of many sorbing nuclides.

The host rock’s favourable hydrogeological properties 
In addition to contributing to long saturation times mentioned above, the limited flow rates at the 
deposition positions limits the release rate of radionuclides from the near field if releases occur from 
the canister.

Radionuclide retention in the rock
The retention properties of the rock are exemplified in the calculation cases with assumed complete 
losses of barrier functions in Section 13.7.3. A comparison between Figures 13-62 and 13-61 shows 
that the rock has a considerable impact on far-field releases of many sorbing nuclides. 
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13.9.6 Conclusions
The bounding, dashed curve in Figure 13-69 is the sum of the risk associated with the shear load 
scenario and that associated with the corrosion scenario. The former is represented by the case with 
advective conditions and the latter by the correlated case with initial advection, both of which give 
the highest risks within their scenarios. (Within the scenarios the cases are mutually exclusive, 
meaning that only one from each scenario should be used in the summation. Since the main scenario 
is represented by the central corrosion variant, also the main scenario is included as subsumed under 
the bounding corrosion case.) 

Other scenarios did not yield any contributions to the calculated risk. In the account of combinations 
of scenarios and phenomena in Section 12.9.3 it was concluded that the consequences of a shear 
load failure followed by buffer erosion needs to be assessed and this is done in the bounding case 
of the shear load scenario. All relevant risk contributions are, therefore, assessed to be included in 
Figure 13-69.

Since the bounding curve in Figure 13-69 is below the risk limit for the duration of the one million 
year assessment period, the analysed KBS-3 repository at the Forsmark site is assessed to fulfil the 
regulatory risk criterion. Risk dilution was shown not to challenge this conclusion.

It is furthermore concluded that a more realistic risk may be anywhere in the area below the bounding 
curve, down to zero risk based on the zero results of the three cases with no erosion and a situation 
where no canisters would fail due to shear movements induced by large earthquakes, which could be 
reached if somewhat less pessimistic assumptions could be defended for the shear load scenario.

It is also noted that through the use of LDF factors to transform releases to doses, it is in the risk 
assessment implicitly assumed that the landscape to which the releases occur is always fully 
populated, including the object where the highest dose is calculated to occur and at the time when 
this occurs. Furthermore, long periods of glacial and submerged conditions are expected where no 
doses to humans occur since the site is not habitable. This has not been taken into account in the risk 
summation. Rather, temperate conditions yielding the highest doses are assumed throughout.

Factors that have the greatest impact on overall risk are identified in the sensitivity analyses e.g. in 
Section 12.2.2 (buffer erosion), 12.6.2 (canister corrosion) and 13.5.11 (consequences for the corro-
sion scenario). These are summarised in the next section where also references to sections discussing 
steps that could be taken to reduce or mitigate these impacts are given. 

It is also noted that the calculated risk is one of several indicators of repository safety for distant 
time frames. Four additional indicators have been applied in Section 13.5.8 with the result that the 
calculated consequences are well below the reference values to which they are compared. This is 
further discussed in the conclusions of the assessment, see Section 15.3. 

A KBS-3 repository at Forsmark is assessed to fulfil the regulatory risk criterion for the initial 
1,000 years with a considerable margin. The barrier system has a number of functions that contribute 
to safety in a hypothetical case where the canister is assumed to be initially defective. Several of the 
factors would, with cautious assumptions, alone prevent any releases during the initial 1,000 years 
for an initially defective canister. This relates particularly to the time required for water to get into 
contact with the fuel elements and the integrity of the Zircaloy cladding. 

Finally, it is noted that the risks due to both the corrosion scenario and to the shear load scenario are 
increasing at one million years. This is primarily caused by the increasing probabilities for barrier 
failures for the later parts of the assessment period, whereas radioactive decay plays a minor role for 
the development since the dose dominating nuclides, in particular the parent nuclides of Ra-226, are 
very long-lived. It is not seen as meaningful to continue the calculations beyond one million years 
(see further Section 14.5), but an account of the consequences for a number of hypothetical cases 
where all canisters fail early in the assessment period is given in Section 13.7.3. For the hypothetical 
case where all canisters are failed, where the buffer is absent and where retention in the rock is dis-
regarded, the calculated risk at one million years is comparable with that caused by the background 
radiation. This indicates a bound on the development of the risk curve beyond one million years, 
when the extent of barrier failures may be expected to increase. 
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13.10 Summary of uncertainties affecting the calculated risk
13.10.1 Summary of main uncertainties affecting the calculated risk
A number of issues relevant for long-term safety are associated with considerable uncertainties. 
This is inevitable in an assessment of situations far into the future and where the parts of the system 
are not fully known. The following is an account of how main uncertainties affecting the calculated 
risk are handled in SR-Site with indications, through reference to the feedback Sections 15.4 to 15.7, 
of the potential of reducing them in later stages of the repository programme. The account deals 
with factors affecting the two scenarios contributing to the calculated risk, i.e. the corrosion scenario 
and the shear load scenario. A discussion of whether formal expert elicitations could be a means 
of reducing these uncertainties is provided in Section 13.10.2.

In the corrosion scenario, canister failures, and hence risk contributions, occur only in cases where 
the buffer has been eroded to the extent that advective conditions prevail in part of the deposition 
hole, leading to enhanced corrosion rates. In the sensitivity analyses of the extent of buffer erosion 
in Section 12.2.2, of canister corrosion for advective conditions in Section 12.6.2 and of dose con-
sequences from canisters failed due to corrosion in Section 13.5.11, the main uncertain factors listed 
in Table 13-13 were identified. Means of reducing these uncertainties and the potential impact on 
risk this may have is also accounted for in the table. Regarding the shear load scenario, many of the 
uncertain factors are related to the assessment of the likelihood of earthquake induced shear failures 
in Section 10.4.5 and to the evaluation of consequences of such failures in Section 13.6. These are 
also listed in Table 13-13. 

It is noted that, in addition to the factors mentioned in the table, more developed deposition position 
rejection criteria have a large potential of reducing risk. This is, however, a design issue rather than 
an uncertain factor in the risk calculations in SR-Site, see further Sections 14.3 and 15.3.5.



TR
-11-01 

733

Table 13-13 Main uncertain factors affecting the calculated risk and future plans for their reduction.

Factor Type of uncertainty Handling in SR-Site risk calculations Means of reducing uncertainty Potential impact on calculated risk Plans in section

Mechanistic under-
standing of buffer 
erosion.

Conceptual. Pessimistic.
Use of state-of-the-art model as central case. 
Demonstration of low negative impact on corro-
sion for a bounding case of initial advection. 
Bounding case of initial advection included in 
risk summation and used to demonstrate risk 
compliance.

Further research. Can only reduce risk, since bounding 
case is included in risk summation.
Potential to lead to exclusion of buffer 
erosion in the corrosion scenario would 
result in exclusion of canister failures 
in the corrosion scenario according to 
analyses in SR-Site. 

15.7.3

Groundwater salinity; 
low salinity required 
for buffer erosion to 
occur.

Site data, conceptual under-
standing.

Pessimistic.
Cautious approach in modelling of salinity at  
high-flow deposition positions.
Demonstration of limited negative impact on  
erosion and corrosion for a bounding case of 
dilute conditions 100% of time. 
Cases with initial advective conditions bound 
impact of uncertainties regarding dilute conditions 
in risk calculation.

Additional groundwater sampling.
See also groundwater flow as 
salinity evolution is strongly 
related to groundwater flow. 

Can only reduce risk, since bounding 
case is included in risk summation.
Potential to lead to exclusion of buffer 
erosion from the corrosion scenario 
would result in exclusion of canister 
failures in the corrosion scenario 
according to analyses in SR-Site.

15.6.9

Groundwater flow.
Flow at deposition 
positions affects ero-
sion and corrosion. 
Flow in host rock 
affects radionuclide 
transport. 

Conceptual as well as spatial 
and temporal variability.

Probabilistic modelling.
Input data from comprehensive hydrogeological 
modelling of several concepts (correlation struc-
tures), in turn based on evaluation of conceptual 
uncertainty in site modelling. Each model gener-
ates an input data distribution covering spatial 
variability. Each distribution propagated to risk 
calculations. Distribution yielding highest risk  
used to demonstrate risk compliance. 
Temporal variability addressed by stylised 
glaciation case. Simplified results used in variant 
case of risk calculation and shown to have limited 
impact on overall risk when considered together 
with biosphere alterations.

Further development of models 
based on data from future 
underground characterisation. 
(Sensitivity to spatial variability 
difficult to reduce, other than by 
deposition hole rejection criteria.)

Limited, if developed model is within 
bounds of conceptual models used in 
SR-Site. 

15.6.4
15.6.5

Sulphide concentra-
tions over time; affect 
corrosion.

Incomplete understanding of 
causes for range in site data; 
both spatial variability and 
conceptual uncertainty. 
Incomplete understanding of 
temporal development.

Probabilistic.
Use of measured range of values at the Forsmark 
site combined with distribution of groundwater flow 
at deposition positions to obtain mean number of 
failed canisters. 
Incomplete understanding of temporal develop-
ment; pessimistically handled.

Additional site data.
Further research.

Potentially considerable reduction 
in risk if spatial variability could be 
reduced and/or demonstrated to reflect 
temporal variability at deposition posi-
tions (see Section 12.6.2, subheading 
‘Groundwater concentrations of 
sulphide’).

15.6.9 
15.7.4

Probability of 
earthquake; affects 
probability of shear 
failure.

Conceptual; incomplete 
understanding. 

Pessimistic. 
Frequency range, (several estimates) determined 
and upper bound of range chosen for risk  
calculations

Further research. May further reduce risk. 15.7.4
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Factor Type of uncertainty Handling in SR-Site risk calculations Means of reducing uncertainty Potential impact on calculated risk Plans in section

Probability that 
a zone hosts an 
earthquake; affects 
probability of shear 
failure.

Conceptual uncertainty. Pessimistic.  
i) All zones affecting the repository assumed  
to host the largest earthquake compatible with 
their size.  
ii) Zone with largest impact chosen for risk 
calculation.

Further research. May further reduce risk. 15.6.1
15.6.7
15.7.4

Probability of a 
deposition position 
being intersected by 
a large fracture. 

Conceptual uncertainty,  
spatial variability, insufficient 
information.

Pessimistic. 
All DFN models identified in site modelling  
evaluated. Variant yielding highest probability  
of intersection used in risk calculation. 

Further research, methodol-
ogy development, data from 
underground investigations.

May further reduce risk. 15.6.2
15.6.3
15.7.4

Efficiency in deposi-
tion hole acceptance 
criteria.

Measurement techniques 
not sufficiently tested for this 
context.

All EFPC fractures assumed to be found.
No credit taken for additional signatures of large 
fractures; these may potentially be more efficient 
than EFPC in identifying deposition holes to reject.

Further development of methods 
to identify critical structures.

May further reduce risk. 15.6.2

Potential for damage 
if shear is larger 
than 5 cm; affects 
probability of shear 
damage.

Conceptual as well as spatial 
and temporal variability.

Pessimistic.
i) Case with angle of intersection and point of 
impact yielding maximum impact on canister used 
as basis for risk calculation.  
ii) Upper bound on buffer density in design 
premise used; no credit for demonstrated lower 
maximum density in reference design, nor of 
distribution of densities. 

Additional mechanical analyses 
to cover cases where the angle 
and the buffer density are more 
beneficial.  
Probabilistic handling of impact 
location, angle of intersection 
and buffer density.
Revised design premises for 
buffer density. 

Would further reduce risk. 15.7.2
15.5.3, 15.5.7

Failure criteria  
in assessment  
of canister response 
to shear loads; 
affects probability of 
shear damage.

Conceptual. Pessimistic.
i) Pessimistically chosen, local, failure criterion for 
cast iron insert in design analysis of canister used 
as criterion for global failure. 
ii) No allocation of containment potential to copper 
shell when insert fails locally.

Further development of criteria 
for global failure of canister.
Further development of models 
for copper creep behaviour.
Implementation in shear 
response modelling.

Would further reduce risk. 15.7.2

Hydraulic properties 
of shearing fracture 
and retention in 
migration pathway; 
affects retention.

Incomplete understanding of 
hydraulic properties resulting 
from shearing of a fracture.

Pessimistic. 
Near field: i) Canister failure location assumed  
to fully coincide with location of shearing fracture; 
ii) Shear assumed to increase transmissivity of 
intersecting fracture such that its Qeq value is too 
high to contribute to transport resistance in the 
near field; iii) Geometric transport resistance of 
fracture/buffer intersection neglected.
Far field: No credit taken for radionuclide retention 
in the geosphere.

Analyses of the impact on the 
flow system if only the shearing 
fractures were affected.

Potentially reduction in risk since only 
the shearing fracture, and not the frac-
tures it connects to, would be affected. 
A local increase of transmissivity in a 
fracture network would not necessarily 
increase flow or reduce retention.
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Factor Type of uncertainty Handling in SR-Site risk calculations Means of reducing uncertainty Potential impact on calculated risk Plans in section

Fuel dissolution rate. Incomplete knowledge. Probabilistic. 
Pessimistically derived distribution of rates from 
experiments.

Further research. Reduction in risk if more favourable 
distribution can be defended.

15.7.1

Corrosion release 
rate.

Incomplete knowledge. Probabilistic. 
Pessimistically derived distribution of rates from 
experiments and dimensions. 
Instantaneous corrosion of Ag-alloy in PWR 
control rods.

Further research, in particular for 
corrosion rate of Ag-alloy in PWR 
control rods.

Considerable reduction in corrosion 
related peaks for individual nuclides 
if more favourable distribution can be 
defended. Limited impact on overall 
risk. 

15.7.1

Flow related transport 
parameters.

See groundwater flow. 
(Uncertainties in transport 
parameters are mainly due to 
uncertainties in flow. Conceptual 
understanding of channelling is 
an additional uncertain factor.)

See groundwater flow. See groundwater flow. (Further 
data has impact on flow that 
influences transport parameters.)

Limited, if developed model is within 
bounds of conceptual models used in 
SR-Site.

15.7.4

Landscape specific 
dose conversion 
factors.

Conceptual. Deterministic values, with pessimistic handling of 
several uncertainties, see further Section 13.2.6.

Further research and model 
development.

Potential to reduce risk by several 
orders of magnitude for specific 
nuclides.

15.7.5
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13.10.2 Candidate issues for formal expert elicitations
In planning SR-Site, an evaluation of candidate issues for expert elicitations was made and the 
following criteria were used to determine whether an issue could be considered for an elicitation.

•	 The	issue	should	be	associated	with	large	uncertainties	that	have	a	considerable	impact	on	the	
assessed level of safety.

•	 A	formal	expert	elicitation	can	be	deemed	to	contribute	to	the	reduction	of	these	uncertainties	
in addition to what is achievable through other means established in the methodology for the 
assessment (evaluation of conceptual uncertainties in the Process reports, of data uncertainty in 
the Data report, through quality assured modelling, etc. all of these leading to a well motivated 
and often pessimistic handling of the issue in the assessment).

As pointed out in Section 2.8.5 the conclusion of the evaluation was that, although a number of 
uncertainties could in principle be amenable to a formal expert elicitation, no issue was identified 
for which both the above criteria apply. Based on the sensitivity analyses of the calculated risk in 
SR-Site, presented in this chapter, the evaluation of candidate issues for expert elicitation can be 
updated. As was the case for SR-Can, it is the corrosion and the shear load scenarios that contribute 
to risk and consequently it would only be uncertainties related to these scenarios that would be of 
interest for formal expert elicitations. In particular, the issues listed in Table 13-13 are of interest to 
evaluate. In general, there is no issue in the table that was not recognised already at the completion 
of SR-Can.

Candidate issues for the corrosion scenario
According to Table 13-13 issues related to the corrosion scenario mainly concern mechanistic 
understanding of the buffer erosion process, groundwater flow, evolution of groundwater salinity 
and sulphide levels, releases rates from the spent fuel and the flow related transport parameters. 
These are assessed in the following.

Mechanistic understanding of the buffer erosion process: This issue has been the target for intense 
research since it was identified as crucial for the safety evaluation in the SR-Can project. A group 
of experts recruited internationally has studied the process experimentally and theoretically. Several 
expert reports and a summary report have been produced in the project and regular seminars where 
the entire expert group has discussed intermediate results and possible ways forward have been held. 
The project reports have also been reviewed internationally. It is difficult to conceive of an additional 
group of experts that could, in a limited time, evaluate these findings in such a way that the years of 
efforts by this expert group could be further refined or qualified for the safety assessment. Although 
this is an important issue for safety, it is, on the above grounds, not deemed as suitable for an expert 
elicitation.

Neither uncertainties related to the fraction of a glacial cycle during which erosion is active nor the 
buffer mass loss required to reach advective conditions in a deposition hole, nor the strongly related 
corrosion geometry are sufficiently important for the overall safety evaluation to qualify these 
issues as candidates for a formal expert elicitation. Furthermore, they are both evaluated by cautious 
interpretation of results of direct modelling and are thus addressable through the standard methodol-
ogy for the assessment. Similar arguments can be put forward regarding the concentration of canister 
corroding agents over a glacial cycle. 

The distributions of the equivalent flow rate, of the Darcy flux and of the flow related transport 
parameters for the ensemble of deposition holes are affected by both conceptual uncertainties and 
spatial variability. In particular the Darcy flux has a considerable impact on the safety evaluation 
through its importance for the erosion and corrosion processes. These factors have been evaluated 
in several steps including the collection of site data, comprehensive modelling of the hydraulic 
properties of the site including the consideration of several conceptual models and data uncertainties, 
modelling of the hydraulic evolution within the safety assessment, and a thorough evaluation of the 
resulting distributions in the Data report. All these steps have been carried out by several expert 
groups with overlapping membership. The results have been externally reviewed. It is not deemed 
fruitful to attempt to further substantiate these findings, achieved through years of reviewed efforts, 
by a formal expert elicitation.
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All data relating to the calculation of radionuclide transport and dose for the failed canisters are thor-
oughly evaluated in the Data report. A dominating factor, the fuel alteration rate, is evaluated in a 
dedicated report by a group of international experts forming the most important input to the evaluation 
in the Data report. The expert report has also been subject to peer review. It is difficult to conceive 
of an additional group of experts that would, in a limited time, reach better founded conclusions.

Candidate issues for the shear load scenario
According to Table 13-13 issues related to the shear load scenario mainly concern the probability of 
earthquakes; the probability that a zone hosts an earthquake; the probability of a deposition position 
being intersected by a large fracture, the efficiency of deposition hole acceptance criteria, the poten-
tial for canister failure if the shear is larger than 5 cm, the failure criteria in assessment of canister 
response to shear loads and the hydraulic properties of shearing fracture and retention in the migra-
tion pathway. As is clear from the table, these issues are generally handled by making pessimistic 
assumptions, combined with or evaluated by cautious interpretation of results of direct modelling 
and are thus accessible through the standard methodology for the assessment. For example:

•	 The	probability of earthquake is handled by adopting a pessimistic frequency range based on 
estimates by a wide range of experts and input where an upper bound of range is chosen for the 
risk calculations.

•	 The	probability that a zone hosts an earthquake and the resulting secondary movements in large 
fractures has been assessed by extensive modelling and final estimates and the zone with largest 
impact is chosen for risk calculations.

•	 The	probability of a deposition position being intersected by a large fracture is handled by using 
the variant yielding highest probability of intersection in the risk calculation and a pessimistic 
assessment on the possibility of finding large fractures during detailed investigations. 

•	 The	potential	for	damage	if	the	shear	is	larger	than	5	cm	has	been	assessed	by	extensive	
modelling and further modelling efforts appears a viable approach in case current pessimistic 
assumptions on failure need to be replaced by a more differentiated approach.

In short, the impact of remaining uncertainties on risk is bounded, and if there is a requirement to 
reduce the estimated risk by more knowledge, other means than formal expert elicitation appear 
more promising.

Conclusions
In conclusion, although a number of uncertainties could in principle be amenable to a formal expert 
elicitation, no issue has, in this evaluation, been identified for which both i) the calculated risk is 
highly sensitive to the uncertainty and ii) the uncertainty can be expected to be significantly reduced 
through a formal expert elicitation.

The procedures established for the qualification of processes and data in SR-Site, the considerable 
and concerted research activities on critical issues, the comprehensive site modelling by expert 
groups including thorough evaluation of uncertainties and the formulation of a confidence statement, 
the reviewing by external experts, and the pessimistic handling of many factors in the assessment all 
contribute to this conclusion. Also, the fact that the pessimistically calculated total risk in SR-Site is 
well below the regulatory limit for the entire one million year assessment period has influenced the 
view on the absence of a need for further reduction of uncertainties through expert elicitations.

13.11 Conclusions
The analyses of the retardation potential of the repository reported in this chapter have led to the 
following conclusions. 

For the corrosion scenario, the calculated mean doses are at least one order of magnitude below the 
dose corresponding to the regulatory risk limit. In the most pessimistic variants of this scenario, the 
first canister failures and hence the first releases occur after around 50,000 years. In these variants, 
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the mean dose is about two orders of magnitude below the regulatory limit at 100,000 years and 
about one order of magnitude below the limit at one million years.

Different numbers of canister failures in the corrosion scenario propagated from the analysis of 
containment potential led to variations in calculated mean doses within one order of magnitude. Also 
uncertainties in the conceptualisation of the near-field transport conditions have a similarly limited 
impact on the calculation results.

For the shear load scenario, the calculated mean dose for the initial 1,000 years is negligible in 
comparison to the dose corresponding to the regulatory risk limit. Between 1,000 and 100,000 years, 
the calculated mean dose is about three orders of magnitude below the limit and then increases to 
become about two orders of magnitude below the limit at one million years.

The overall risk summation shows that a KBS-3 repository at Forsmark is assessed to comply 
with the regulatory risk criterion over the entire one million year assessment period. The margin to 
compliance is about one order of magnitude when pessimistically bounding a number of uncertain-
ties in the risk calculation. Risk dilution has been analysed and found to not challenge the conclusion 
regarding compliance.

In the corrosion scenario, the geosphere provides only a modest attenuation of the dose-equivalent 
release from the near field. The safety relevant role of the geosphere is here rather i) its contribution 
to the containment function of the repository through favourable geochemical and hydrological con-
ditions limiting the number of failed canisters and ii) through its contribution to limiting the releases 
from the near field by providing reducing conditions and hence limiting the fuel dissolution rate. 
In the shear load scenario the geosphere contributes to containment through favourable mechanical 
conditions and, as in the corrosion scenario, to limiting the fuel dissolution rate by providing reduc-
ing conditions.

Sensitivity analyses of the probabilistic calculation results show that input uncertainties for the 
fuel dissolution rate, the failure time of the canister and the flow related transport resistance in the 
geosphere account for most of the uncertainty in the calculated dose. Additional uncertainties are 
addressed through the formulation of variant calculation cases regarding e.g. different conceptual 
hydrogeological models or through pessimistic assumptions regarding, e.g. the likelihood of canister 
failure due to shear load. The influences of all important uncertainties on the calculated risk are 
evaluated based on the outcome of the risk summation, and possibilities of reducing the uncertainties 
are discussed as feedback from the assessment.

Application of four alternative indicators to risk show, for the central corrosion case, that release 
rates are about three orders of magnitude below the activity constraints issued by the Finnish regula-
tor STUK, that the calculated concentrations in ecosystems at Forsmark from repository releases of 
Ra-226 are about three orders of magnitude below measured concentrations of naturally occurring 
Ra-226 at Forsmark and that geosphere fluxes caused by Ra-226 releases from the repository are 
about two orders of magnitude below naturally occurring fluxes of Ra-226 at the site, as estimated 
from site data. Similar conclusions are drawn for other relevant calculation cases.

Dose rates to non-human biota are well below the screening dose rate recommended in the ERICA 
Integrated Approach, meaning that the calculated radionuclide releases are not expected to lead to 
any detrimental biological effects on individuals of species found, or likely to be found, at the site. 
Hence, populations, communities and ecosystems are assured an adequate degree of protection.

Simplified analytical models applied to key variants of the corrosion and shear load scenarios are in 
good agreement with the numerical results. This enhances confidence in the calculation results i) by 
providing a quality assurance check on the numerical modelling of dose equivalent releases and ii) 
by demonstrating that releases for the cases in question are controlled by relatively simple processes 
that are straightforward to understand and model.
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14 Additional analyses and supporting arguments 
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Figure 14-1. The SR-Site methodology in eleven steps (Section 2.5), with the present step highlighted.

14.1 Introduction
In this chapter, additional analyses required to complete the safety assessment according to the 
methodology described in Chapter 2 are documented. The contents of the chapter are as follows.

Section 14.2 gives an account of the methodology used for the analysis of scenarios related to future 
human actions, followed by a summary of the analyses and their results.

An account of the additional analyses required in order to demonstrate optimisation and the use of 
best available technique is given in Section 14.3. 

In Section 14.4, verification that FEP’s omitted in earlier parts of the assessment are negligible in 
light of the completed scenario and risk analysis is undertaken.

Section 14.5 gives a brief account of the time period beyond one million years.

Finally, Section 14.6 gives an account of how natural analogues support the analyses and conclusions 
in the safety assessment.

14.2 Scenarios related to future human actions 
14.2.1 Introduction
According to the scenario selection described in Section 2.5.8 and Table 11-1, two main categories 
of scenarios related to future human actions, FHA, were distinguished, scenarios related to a sealed 
repository and scenarios related to an unsealed or incompletely sealed repository. These categories of 
FHA scenarios were previously identified in SR-Can / SKB 2006a/, but only the former category was 
further analysed. In SR-Site, both categories are addressed and the analyses are provided in the FHA 
report and summarised in the following subsections. 
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The potential exposure to large quantities of the radiotoxic material is an inescapable consequence of 
the deposition of spent nuclear fuel in a final repository, and consequently intrusion into the repository 
needs to be considered in repository design and safety assessment. To reduce the probability of inadver-
tent intrusion and resulting exposure to the spent fuel, in line with ICRP recommendations / ICRP 2000/, 
the following countermeasures have been applied in the repository siting and design.

•	 The	repository	is	to	be	located	at	a	site	not	containing	exploitable	natural	resources.
•	 The	repository	depth	is	selected	to	be	substantially	greater	than	the	depth	of	interest	for	water	

supply and more generally occurring sub-surface facilities.
•	 The	repository	will	be	sealed	so	as	to	make	subsequent	entry	difficult.
•	 Measures	will	be	taken	to	preserve	institutional	control	and	information	on	the	repository	for	as	

long as possible.

Intrusion in the post-closure phase of institutional control and beyond is primarily prevented through 
the design of the repository. In addition to that there will presumably continue to be safeguards measures, 
preservation of information (record keeping) and possibly some sort of markers placed at the site. 
During the institutional control period, activities at the site have to be restricted or directed if they 
have the potential to interfere with or hinder surveillance of the site, but this does not necessarily 
rule out all forms of access to the area. Measures and land use restrictions during the period of 
institutional control are exemplified and further discussed in the FHA report.

The fact that the repository contains fissile materials is an important aspect. Regarding today’s situ-
ation, control of safeguards measures will most likely be upheld by national as well as international 
agencies (SSM, IAEA and Euroatom) / Fritzell 2006, pp 11–14/. Furthermore, the authorities in their 
review	of	SR-Can	/	Dverstorp	and	Strömberg	2008/	maintain	that	the	state,	rather	than	SKB,	is	expected	
to be responsible for the supervision and monitoring of the repository after sealing / SKI 2007/.

14.2.2 Principles and method for handling FHA scenarios
Man is dependent on, and influences, the environment in which he lives. After closure of the repository, 
future generations should be able to utilise the repository site according to their needs without jeo-
pardising their health. In the case of a final repository of the KBS-3 type, there are, however, inevitably 
examples of activities that, if carried out carelessly or without knowledge of the repository, could 
result in exposure to radiotoxic elements. Examples of such activities are drilling of deep boreholes 
and construction of tunnels, shafts or rock caverns to great depth within the repository area. Globally 
occurring human activities, such as the emission of greenhouse gases or pollution, may also affect 
the repository. There is, therefore, an international consensus that future human activities shall be 
considered in safety assessments of deep geological repositories / NEA 1995, ICRP 2000/.

Human actions of concern are those with a potential impact on the repository’s safety functions. 
Human actions can be divided into different categories e.g. “recent and ongoing” or “future”; “global” 
or “local” / Wilmot et al. 1999/ and “inadvertent” or “intentional” / NEA 1995, ICRP 2000/. Recent 
and ongoing, local, intentional activities are considered in the description of the local ecosystems 
(see Sections 4.10 and 10.3.3). Mishaps can be regarded as local, inadvertent activities and the 
ones occurring during the excavation and operational phases are considered in the general handling 
of uncertainties in the main and additional scenarios. The global, recent and ongoing emissions of 
greenhouse gases has no direct impact on the repository, but may affect the climate and is considered 
in the global warming variant of the reference evolution, Section 10.6. That leaves global pollution 
other than the emission of greenhouse gases and local, future activities for further analysis. 

If people in the future for some reason deliberately enter the repository they are responsible for the 
consequences of their actions. Society today cannot protect future societies from their own actions if 
the latter are aware of the consequences / NEA 1995, ICRP 2000/. However, in developing a system 
for final disposal of spent fuel, as much consideration as possible should be given to future generations. 
Based on these generally accepted principles and the Swedish Radiation Safety Authority’s, SSM’s, 
regulations concerning safety in connection with the disposal of nuclear material and nuclear waste 



TR-11-01 741

/ SSM 2008a/ and on the protection of human health and the environment in connection with the 
final management of spent nuclear fuel and nuclear waste / SSM 2008b/, the future human actions 
considered in this part of the safety assessment are restricted to global pollution and actions that:

•	 Are	carried	out	after	the	sealing	of	the	repository.
•	 Take	place	at	or	close	to	the	repository	site.
•	 Are	unintentional,	i.e.	are	carried	out	when	the	location	of	the	repository	is	unknown,	its	purpose	

forgotten or the consequences of the action are unknown.
•	 Impair	the	safety	functions	of	the	repository’s	barriers.

A problem when discussing future human actions is that the future of man and society cannot be 
predicted. On time spans of tens of years or more, the best we can do is to identify some important 
parameters or factors and combine them to explore possible outcomes. On time spans of hundreds of 
years and longer the future of man and society is, however, unpredictable and the uncertainties are 
indeterminate or unspecified, i.e. the outcome space is not known and cannot be described. It is for 
instance impossible to determine what scientific discoveries will be made the next 1,000 years. One 
commonly applied approach to handle this and to avoid speculation as to the future is to assume that 
the future conditions of society and technical practice are essentially the same as today / NEA 1995/. 
This provides a practical and comprehensible procedure to illustrate the potential hazards related to 
future human actions at the repository site which is applied in this assessment. 

In the General Guidance to their Regulations, SSM recommends the inclusion of direct intrusion by 
means of drilling as well as examples of activities that indirectly may affect the safety functions in 
the safety assessment / SSM 2008b/. They also recommend basing the future human activity scenarios 
on current habits and technical practise. Regarding the consequences, SSM in its regulations SSMFS 
2008:37 / SSM 2008b/ states that only doses due to the impaired repository need to be calculated, 
whereas the consequences for the individuals performing the intrusion need not to be assessed. This 
is not in agreement with the direction of SSMFS 2008:21 / SSM 2008a/ which states that cases to 
illustrate damage to humans intruding into the repository should be included. The need of a stylised 
calculation of injuries to humans who intrude into the repository was also pointed out by the authorities 
in	their	review	of	SR-Can	/	Dverstorp	and	Strömberg	2008/	and	this	direction	has	been	followed	in	
the analyses of FHA scenarios in SR-Site.

Finally, in line with SSM’s General Guidance / SSM 2008a/, future human actions and their impact 
on the repository are evaluated separately, and are not included in the reference evolution or the risk 
summation. 

Method
Human actions can affect the repository in different ways. The impact of the action on the repository 
as well as its consequences is the result of a combination of technical and societal factors. Examples 
of such factors are the level of technology and knowledge, existence of institutional control, infrastruc-
ture and settlement pattern and food supply system. For the purpose of providing as comprehensive 
a picture as possible of different human actions that may impact the deep repository as well as their 
background and purpose, the following approach has been used, see the FHA report.

•	 Technical	analysis: 
Identifies human actions that may impact the safety functions of the repository, describes such 
actions and, in technical terms, justifies that they may occur.

•	 Analysis	of	societal	factors: 
Identifies framework scenarios (framework conditions) that describe feasible societal contexts for 
future human actions that can affect the radiological safety of a deep repository.

•	 Choice	of	representative	cases: 
The results of the technical and societal analyses are put together and one or several illustrative 
cases of future human activities are chosen.

•	 Scenario	description	and	consequence	analysis	of	the	chosen	cases.

The three first steps are mainly based on work carried out in conjunction with the safety assessment 
SR 97 / SKB 1999a/. Results from the development of the SKB FEP database, Chapter 3, and a review 
of some relevant literature published after SR 97 are also considered, as well as the authorities review 
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of	SR-Can	/	Dverstorp	and	Strömberg	2008/.	The	last	step	is	an	update	and	extension	of	the	work	
conducted for SR-Can, also here considering the authorities review of SR-Can / Dverstorp and 
Strömberg	2008/.	A	summary	of	the	work	is	provided	in	the	following	subsections.

14.2.3 Technical and societal background
Technical analysis
The technical analysis was based on the results from a workshop carried out within the framework 
of SR 97 / Morén et al. 1998/. For SR-Can, the relevance of the results from the workshop regarding 
recent technical developments was reviewed based on consultation with technical experts within SKB. 
Furthermore, an audit against the NEA FEP database and linked national projects resulted in some 
minor amendments and the addition of the action “subsurface bomb or blast” / SKB 2006e/. The 
complementary FEP work conducted for SR-Site (see Chapter 3) did not result in any modifications 
to the list of human actions developed for SR-Can. 

The human actions identified for SR-Can and also applicable for SR-Site are listed in Table 14-1. 
Based on their principal impacts, the actions are divided into the categories human actions with 
thermal (T), hydraulic (H), mechanical (M) or chemical (C) impact. From the technical analysis 
it was concluded that actions that include drilling and/or construction in rock are those with the 
greatest potential influence on the repository. Furthermore, the repository site was regarded as more 
favourable than other places for building a heat store or heat pump plant, due to the heat generated 
by the spent fuel. For the other actions, the repository site was considered to be equivalent to, or less 
favourable than, other places with similar bedrock.

Table 14-1. Human actions that may impact repository safety.

Category Action

Thermal impact T1: Build heat store* 
T2: Build heat pump system*
T3: Extract geothermal energy (geothermics)*
T4: Build plant that generates heating/cooling on the surface above the repository

Hydrological impact H1: Construct well* 
H2: Build dam 
H3: Change the course or extent of surface water bodies (streams, lakes, sea) and their 
connections with other surface water bodies
H4: Build hydropower plant* 
H5: Build drainage system
H6: Build infiltration system
H7: Build irrigation system*
H8: Change conditions for groundwater recharge by changes in land use

Mechanical impact M1: Drill in the rock*
M2: Build rock cavern, tunnel, shaft, etc*
M3: Excavate open-cast mine or quarry*
M4: Construct dump or landfill
M5: Bomb or blast on the surface above the repository
M6: Subsurface bomb or blast*

Chemical impact C1: Store/dispose hazardous waste in the rock*
C2: Construct sanitary landfill (refuse tip)
C3: Acidify air, soil and bedrock
C4: Sterilise soil
C5: Cause accident resulting in chemical contamination

* Includes or may include drilling and/or construction of rock cavern.
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Analysis of societal factors
Prevailing societal conditions are of importance both for the possible occurrence of inadvertent human 
actions impairing repository safety and for evaluation of their consequences. Important issues are 
why the disruptive action is being carried out and contemporary societal conditions such as general 
knowledge and regulations. These primarily humanistic and socio-economic questions were analysed at 
a workshop for SR 97 (see the FHA report and / SKB 2006e, Morén et al. 1998, SKB 1999a/). Experts 
in the fields of cultural geography, history of science and technology and systems analysis participated 
in this workshop. So called framework scenarios that describe plausible societal contexts for future 
human actions with an influence on the radiological safety of the deep repository were formulated. 
The framework scenarios were developed by means of morphological field analysis / Morén et al. 
1998, Ritchey 1997/, a group- and process-oriented interactive method for structuring and analysing 
complex problem fields that are non-quantifiable, contain non-determinable uncertainties and require a 
judgmental approach. 

From the study of societal aspects, it was concluded that it is difficult to imagine inadvertent intrusion, 
given a continuous development of society and knowledge. Owing to the long time horizon, however, 
it is not possible to rule out the possibility that the repository and its purpose will be forgotten, even 
if both society and knowledge make gradual progress. Nor is it possible to guarantee that institutional 
control over the repository site will be retained in a long time perspective. With a discontinuous devel-
opment of society, where the development of society and technology contains a sudden, large change, 
it seems likely that knowledge will be lost and institutions will break down. It is also reasonable to 
assume that knowledge is lost if society degenerates.

14.2.4 Choice of representative cases
Sealed repository
It is probable that the repository site will be used by people in the future. Human actions that influence 
radiological safety and are carried out without knowledge of the repository and/or its purpose cannot 
be ruled out. Actions that influence the containment or the function indicators for containment are the 
most severe, followed by actions that influence retardation or the function indicators for retardation. 
Changes in the biosphere may result in an increase in the doses to which human beings may be exposed 
if the containment has been violated and there are leaking canisters in the repository.

A KBS-3 repository will be situated at a minimum depth of 400 metres in the rock, and the suggested 
repository depth is below 450 m at Forsmark. One reason for this is the wish to locate the repository 
in an environment where the containment of the fuel will be retained even in the event of extensive 
changes on the surface. Changes considered in the determination of the depth for a KBS-3 repository 
are natural changes and changes caused by man. Examples of natural changes are change of the 
repository’s location in relation to the sea, and the presence of permafrost and ice sheets, see further 
Sections 5.2.2 and 14.3.4. These natural changes will also influence factors of importance for future 
human actions at the site e.g. settlement, society and man’s opportunities to use the repository site.

Large uncertainties are associated with the development of technology and society. To reduce specula-
tion, the NEA working group on assessment of future human actions / NEA 1995/ as well as SSI in 
the general guidelines to their regulations / SSI 2008b/ suggested an approach based on present-day 
knowledge and experience. However, applying this approach literally or with consistency there would 
be no inadvertent human actions yielding radiological consequences. The current activities at the reposi-
tory sites will not impact the safety. Drilling to great depth is solely performed to investigate the site 
for repository construction. If this were to result in hazardous conditions or circumstances, measures to 
avoid or minimise consequences for man and environment would be taken. There is another dilemma in 
the assessment of future human actions. In order to quantify the consequences, detailed descriptions of 
the human actions are required. Such descriptions will inevitably include speculations as to the course 
of actions which always can be questioned. However, both the technical and societal analyses can, even 
if they do not depict conditions that exist today, be said to be based on current practise and their results 
can be used for the selection of representative cases. When describing scenarios based on the selected 
cases, speculation is avoided by assuming the most severe among simplified and plausible alternatives. 

All actions in Table 14-1 influence the migration of radionuclides in the biosphere. However, actions 
that are performed on or near the surface, down to a depth of a few tens of metres, are judged not to be 
able to directly affect the technical barriers and the containment of the fuel. This applies to the actions 
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T4, H2, H3, H4, H5, H6, H7, H8, M3, M4, C2, C3, C4 and C5 (though some of them could include 
drilling of relatively deep wells). Activities near the surface that belong to categories M and H are 
deemed to have less influence on the repository than natural changes in conjunction with future climate 
change. Of the actions that entail a chemical influence (C2–C5), acidification of air and land (C3) 
has been studied in most detail. In realistic cases of acidification by atmospheric sulphur and carbon 
dioxide, the environment at repository depth is not affected / Nebot and Bruno 1991, Wersin et al. 
1994b/. Soil layers and bedrock are judged to work efficiently as both a filter and buffer against other 
chemical compounds as well.

Bombing or blasting on the ground surface above the repository (M5) cannot affect the containment 
of the spent fuel, except if blasting is done with a powerful nuclear weapon. Such an event implies 
a nuclear war and the consequences of the war and the blast itself would be much greater than the 
consequence of the hypothetical leakage from the repository. However, sub-surface testing of nuclear 
bombs (M6) close to the repository may violate the containment in a similar way to an earthquake. 
The test would need to be carried out close to the deposited canisters. Testing of bombs could be 
combined with identified societal contexts to form a plausible scenario. However, tests of nuclear 
bombs require knowledge of nuclear fission and its associated risks and are carried out below the 
surface to avoid environmental impact. Since measurements are carried out in connection with the 
tests it is plausible that if a detectable leakage from the repository exists, it would be distinguished 
from the releases from the bomb and handled by a society performing sub-surface weapon tests.

Some of the actions in Table 14-1 can, besides influencing radionuclide transport, indirectly influence 
the containment of the spent fuel if they affect the capability of the geosphere to provide favourable 
hydrological or chemical conditions. Such actions would have to be performed directly above or 
very close to the repository and include drilling and/or construction in the rock (M1, M2). These 
categories include actions that have to do with heat extraction (T1, T2, T3), well drilling (H1) and 
disposal of hazardous waste in the rock (C1). Hydropower plants (H5) and open-cast mines and 
quarries (M3) may also involve drilling or rock works at great depth. Before a rock facility is built, 
drilling is carried out to investigate the rock. Therefore, if present day technology is applied, all these 
cases involve drilling in the rock.

Large rock facilities adjacent to the repository are deemed to be out of the question in a short time 
perspective, i.e. within a few hundred years, for several reasons. For example, the repository is itself 
a large rock facility, the only one of its kind in Sweden that is very unlikely to be forgotten over such 
a short time span. Institutional control can be expected to endure on this timescale. The enumerated 
actions that encompass major rock works are less likely at the repository site, based on current techno-
logy and economics. In a slightly longer time perspective, i.e. a few or several hundred years or more, 
it is difficult to predict how knowledge, technology and society will develop, and thereby how, where 
and why rock facilities will be built. Based on current practice, rock facilities at depth down to around 
50 metres may very well occur and actually exist at Forsmark (the SFR facility, a repository for low- 
and intermediate level radioactive waste). In the far future, the potential ore resources to the south-west 
of the investigated area in Forsmark may be exploited. 

Of the actions in Table 14-1, “Drill in the rock” is judged to be the only one that can directly lead 
to penetration of the copper canister and breach of waste containment, while at the same time being 
inadvertent, technically possible, practically feasible and plausible. “Drill in the rock” is furthermore 
a conceivable action in the light of the results of the societal analysis. Even if it is possible to build a 
rock cavern, tunnel or shaft or to excavate an open-cast mine which leads to penetration of the copper 
canister, doing so without having investigated the rock in such a way that the repository is discovered, 
i.e. without knowledge of the repository, is not considered to be technically plausible. However, the 
construction of a rock facility at shallow depth or a mine in the vicinity of the Forsmark site may occur 
in the future. Therefore, the cases “Canister penetration by drilling” and “Rock facility in the vicinity 
of the repository” and “Mine in the vicinity of the Forsmark site” were selected as representative 
cases for scenarios related to a sealed repository, and which should be further described and analysed.

Unsealed or incompletely sealed repository
According to regulations, it is also necessary to define and analyse a case that illustrates the consequences 
of an unsealed repository / SKI 2002/. Since the repository is gradually excavated and operated, the case 
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selected for analysis represents an incompletely sealed repository rather than an unsealed repository. 
The strategy for deposition of canisters implies that deposition tunnels are successively filled with can-
isters and then backfilled and sealed as soon they are filled. Abandoning the repository in the middle 
of this process is judged as rather unlikely because this would mean that canisters are left at the surface 
where they would constitute a larger risk than if emplaced in the repository. It is judged more plausible 
that the repository is abandoned when all canisters are deposited and all deposition tunnels backfilled 
and sealed, but all other repository volumes are still open due to, for example, political decisions not to 
seal the repository completely. Therefore, this is the basic assumption in the case selected as representa-
tive for scenarios related to an unsealed or incompletely sealed repository.

14.2.5 Assessment of the drilling case
Introduction and specification of the case analysed
Only drilling done without knowledge of the location and purpose of the repository is considered. 
Various countermeasures to reduce the likelihood of inadvertent intrusion into the repository have 
been discussed / NEA 1995, Eng et al. 1996/. When the repository is sealed the countermeasures then 
deemed to be most efficient will be implemented. Examples of such countermeasures are conservation 
of information in archives, marking the site and various types of institutional control, for example 
physical surveillance, ownership restrictions and restrictions on land use. All these countermeasures 
are assumed to have lost their preventive and warning effect at the time for the drilling.

As discussed in Section 14.2.3, it is hard to imagine a societal evolution resulting in the loss of know-
ledge of the repository, its purpose and content in combination with preservation or development of 
knowledge, technology and society. It is likely that a society having the technical capability to drill 
to great depth also has the knowledge to analyse the findings and possibly will act to prevent harmful 
effects on man and the environment. In the drilling scenario, it is assumed that technology to drill to 
great depth is available, that the knowledge of the location and purpose of the repository is lost, that 
the intruders are incapable of analysing and understanding what they have found and that no societal 
regulations on drilling exist. It is assumed that an evolution rendering this situation will require some 
time. Countermeasures to prevent inadvertent intrusion are generally assumed to be preserved for 
between 100 and 500 years, whereas physical markers may be effective on a longer time perspective 
of up to a couple of thousand years / NEA 1995, Wilmot et al. 1999/. A KBS-3 repository is a large 
industrial establishment that will be under operation for several decades and this type of facility has been 
debated, investigated and analysed since the first nuclear power plants commenced operation in Sweden. 
It is plausible that it will take some time before the knowledge about the repository is lost and also for 
society and land owners to give up the control of activities such as drilling at the repository site. Based 
on this, it is assumed that the drilling will take place 300 years or longer after repository closure. 

The technical practise is assumed to be similar to that at present. Today, drilling is done to sink wells, 
for the extraction of heat from the ground, and for exploratory purposes. Rock wells are normally drilled 
to a depth of between 50 and 100 metres, but occasionally wells are drilled down to 130–150 metres. 
Deeper wells are more uncommon. The reason is that it is expensive to drill and the probability of 
finding potable water in sufficient quantity declines with depth. For extracting heat, deeper drilling 
may occur. Even though drilling to depths down to 500 m or more for the extraction of heat is per-
formed today and may become more common in the near future, drilling to great depth is generally 
done for exploratory purposes, most often prospecting. 

Prospecting generally involves surface-based investigations prior to drilling. Results from modelling 
of the geophysical response of a spent fuel repository at Forsmark indicate that the repository will 
comprise an anomaly that could be detected by reflection seismics, but not with the other geophysical 
methods studied (magnetics, gravity, induced polarisation, resistivity, transient electromagnetics) 
/ Isaksson et al. 2010/. The seismic response is due to the contrasts in velocity between the bentonite 
and the surrounding rock. Most likely, this type of anomaly would not be interpreted as a mineralisa-
tion, but it cannot be ruled out that the anomaly would be further investigated. Therefore, it is 
assumed that drilling through the repository is done for exploratory purposes. 

Diamond (core) drilling is normally employed for exploratory drilling. The drill core is retrieved, 
placed in boxes and inspected by a geologist. Selected samples may be analysed more thoroughly. 
The cuttings (the pulverised rock mixed with the drill’s cooling water) are normally removed with 
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water, which also cools the drill. The water with cuttings is usually spread on the ground around 
the borehole. When the drilling is finished, the cores are sent to core mapping and the borehole 
is abandoned. If the hole has passed a zone with high water flow, so that a great deal of water is 
brought up to the surface, the borehole may be backfilled. This is generally only done if the flow 
entails a problem for local residents. 

The direction of the borehole varies depending on the purpose and what is known about the rock 
volume to be investigated. In general the drill is inclined; the angle with the ground plane is usually 
60–85 degrees. If there are no known obstacles or underground facilities, the drillers always try to 
continue the drilling even if they run into problems. If the drill reaches the buffer and the canister 
these may very well be penetrated and the drilling continued and not stopped until the drill core is 
inspected, or the agreed depth is reached. If penetration of the backfilled deposition tunnel occurs, 
the water cooling the drill and bringing the cuttings to the surface will be glutted with fine-grained 
material. The usual procedure is then to try to flush the fine grained material away. If this does not 
succeed, which is plausible if trying to drill through the backfill, the borehole is frequently grouted 
and the drilling continued though the concrete.

It is assumed that the purpose of the drilling is to reach great depth and that the drill rig therefore 
is	placed	at	a	low	point	in	the	terrain.	The	drilling	angle	is	assumed	to	be	85°	and	the	cuttings	are	
assumed to be spread on the ground. When the backfilled tunnel is reached the borehole is assumed 
to be grouted and the drilling continued. The buffer is assumed to be grouted as well, the drilling 
continued and the canister penetrated. When the drill core containing canister material and spent fuel 
is brought to the surface the anomalous situation is taken to be recognised and the drilling is stopped. 

Since the assessment should not only consider the impact to the intruder, but also assess how the 
safety functions of the repository may be impaired, the following additional assumptions are made: 
The site and the borehole are abandoned without further measures. About a month later, a family 
moves to the site and operates a domestic production farm there. The abandoned borehole is used 
as a well by the family. The consequences for the repository and the annual effective doses to the 
family as well as the dose to the drilling personnel are assessed.

Function indicator(s) considered
Because this drilling case presumes that one canister as well as the buffer and backfill above the canister 
are penetrated by a borehole, function indicators related both to containment and retardation properties 
of the canister, buffer and deposition tunnel backfill are affected. In addition, the function indicators 
related to the capacity of the geosphere to provide favourable hydraulic and chemical conditions may 
be affected. Therefore, the following function indicators are considered in this drilling case:

•	 Can1,	Ensure	containment.

•	 Buff1,	Limit	advective	transport	in	buffer;	ensure	tightness	and	self-sealing.

•	 Bf1,	Counteract	buffer	expansion;	high	density	and	self-sealing	of	backfill.

•	 R1,	Provide	favourable	chemical	conditions;	ensure	reducing	conditions.

•	 R2,	Provide	favourable	hydrologic	and	transport	conditions;	ensure	high	transport	resistance	in	
fractures and low equivalent flow rate at buffer/rock interface.

Further, the safety function Buff 5, Prevent canister sinking may be affected if sufficiently much buffer 
material is lost. However, if this occurs, the other buffer safety functions will have already been violated. 

Qualitative description of the consequences of unintentionally penetrating a canister 
when drilling
It is assumed that one canister has been penetrated by core drilling. The borehole above the penetrated 
canister is assumed to be grouted and the buffer’s capability to prevent advective transport, self seal 
and prevent colloid transport are lost in the grouted area. Some buffer and backfill material is lost, 
but excluding the grouted parts both backfill and buffer are assumed to retain their safety functions. 
The water containing the cuttings from the drilling is brought the surface and spread on the ground 
on a circular area. 
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The grouted borehole has left an open pipe from the penetrated canister to the surface. As long as the 
grout remains intact, the tunnel backfill in the deposition tunnel and the buffer in the remainder of 
the deposition holes in the deposition tunnels are not directly affected by the presence of the borehole. 
However, the open borehole may, at least locally, affect the groundwater flow pattern. This, in turn, 
may affect the chemical conditions in and around the repository. Therefore, the impact on the ground-
water flow field of an open borehole from the surface through the backfill into a deposition hole has 
been analysed.

With time, it is likely that the grout is degraded and that the buffer and backfill above the penetrated 
canister expands to fill the empty volume of the borehole in these barriers. Considering the self-sealing 
capacity of the buffer and backfill (Section 10.2.4) and the quite large amounts of buffer and backfill 
materials that can be lost before advective conditions occur (see Sections 10.3.9 and 10.3.11) it seems 
likely that this expansion will re-establish favourable hydraulic and mechanical conditions in the buffer 
in the deposition hole with the penetrated canister and the backfill above this deposition hole. However, 
even if this is not the case, the borehole will most likely not affect the backfill in other parts of the 
deposition tunnel. This implies that the buffer in other deposition holes in the tunnel also should be 
unaffected by the borehole. 

Quantitative assessment of the radionuclide release and dose consequences of 
a penetrated canister when drilling
In the analysis of the dose consequences of this drilling case, the dose to the drilling personnel as 
well as to a family settled on the site are analysed. The analysis is provided in the FHA report 
(Section 6.3), and summarised below. The data used in the analysis are compiled in Table 14-2.

It is assumed that one canister is penetrated by drilling and that this takes place at the earliest 300 years 
after repository closure. The water containing the cuttings from the drilling is brought to the surface 
together with the drill core comprising damaged or undamaged fuel. The fuel is contained as fuel rods 
in fuel assemblies in the cast iron insert in the copper canisters. Based on the geometry and arrange-
ment of the fuel rods in the canister and assuming a diameter of the borehole of 0.056 m, the portion of 
the fuel in the canister that is brought to the surface is set to 3%. It is further pessimistically assumed 
that all fuel brought to the surface remains at the site, and that radionuclides in this fuel, as well as the 
instantaneous release fraction of the inventory in the penetrated canister are spread on the ground. This 
is assumed to occur over a circular area with a radius of the contaminated area of 3 m and a thickness 
of the contaminated soil layer of 0.1 m. The drilling personnel receives dose from these radionuclides 
spread on the ground. 

In this drilling case it is further assumed that a family settles on the site one month after the site is 
abandoned by the drillers. The grouted borehole has left an open pipe from the penetrated canister to 
the surface and the family uses the borehole as a well. In addition, the contaminated soil is used for 
cultivation purposes. The family receives dose from radionuclides in the borehole water as well as 
from radionuclides in agricultural products and air, the latter originating from radionuclides in the con-
taminated soil. The assumptions in the calculations of the dose obtained from using the abandoned 
borehole as a well are the same as those in the dose calculations for other scenarios analysed in SR-Site 
/ Avila et al. 2010/. It is assumed that the water from the borehole is used for irrigation and as drinking 
water for the family and for cattle. In the calculation of dose from radionuclides spread on the ground, 
it is assumed that the family uses the contaminated soil to establish a domestic garden for cultivation 
of vegetables. This garden is assumed to be large enough to produce vegetables for five persons, 
which implies that the radionuclides brought to the surface are spread over a larger area. The members 
of the family are also exposed to external radiation and through inhalation of dust when spending 
time in the garden.

The release of radionuclides from the fuel to the water in the penetrated canister is determined by the 
fuel alteration rate and the corrosion rate of the metal components. However, elemental solubility limits 
may govern the release of some radionuclides, depending on the magnitude of the water flow in the 
deposition hole containing the penetrated canister. Based on results of the hydrogeological modelling 
/ Joyce et al. 2010/, the water flow in the deposition hole is set to 0.1 m3/year. With this water flow 
and elemental solubility limits representative of groundwater chemical conditions between 2000 and 
3000 AD, the release of 237Np, 99Tc, 93Zr and the uranium isotopes from the spent fuel becomes solubility 
limited.
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Table 14-2. Compilation of data used in the analysis of dose consequences of unintentionally 
penetrating a canister when drilling.

Parameter Value/assumption Comment/reference

Time of drilling 300 years after closure of the repository or later

Time the exposed individual in the 
family spends in the middle of the 
contaminated area

365 hours One hour per day every day of the year

Radionuclide inventory Average canister Data report, Section 3.1

IRF Included in the inventory left on the ground Median values according to Data 
report, Section 3.2

Portion of fuel in the canister 
brought to surface

0.03 FHA report, Appendix B

Fuel alteration rate 10–7 per year Data report, Section 3.3

Corrosion rate of metal parts in fuel 10–3 per year Data report, Section 3.2

Water flow through deposition hole 0.1 m3 per year FHA report, Appendix B

Elemental solubility limits Representative for site conditions in the period 
2000 to 3000 AD

FHA report, Section 6.3.

Volume of initially contaminated soil 2.8 m3 (radius 3 m, thickness 0.1 m) –

Dose conversion factors for 
contaminated ground

Dose factors for external irradiation, inhalation 
and ingestion of food cultivated at the site

/Nordén et al. 2010/

Sorption coeffecients Element specific sorption coefficients for soil 
in the irrigated area

/Nordén et al. 2010/

Density of agricultural soil 323 kg dry weight/m3 /Löfgren 2010/

Area of land used to grow  
vegetables

102 m2 Large enough to produce vegetables for 
5 persons, assuming a fraction of 2.5% 
vegetables in the diet.

Productivity of vegetables on 
irrigated land

0.135 kgC per m2 and year /Löfgren 2010/

Productivity of root crops on 
irrigated land

0.127 kgC per m2 and year /Löfgren 2010/

Productivity of cereals on  
irrigated land

0.114 kgC per m2 and year /Löfgren 2010/

Dust concentration in the air 5 10–8 kg dry weight/m3 /Nordén et al. 2010/

Inhalation rate 1 m3 per hour /Nordén et al. 2010/

Yearly intake of carbon 110 kg carbon per year /Nordén et al. 2010/

Yearly intake of water 0.6 m3/year /Nordén et al. 2010/

Volume of irrigation water used 
each year

0.15 m3/(m2 y) /Nordén et al. 2010/

Number of irrigation events per year 5 /Nordén et al. 2010/

Runoff 0.186 m/y /Löfgren 2010/

Well capacity 82,502 m3/year /Löfgren 2010/

Dose to drilling personnel
The dose to the drilling personnel originates from the radionuclides in cuttings, drilling water and fuel 
pieces spread on the ground around the borehole. The dose rate that a member of the drilling personnel 
would be exposed to while working in the highly contaminated area 300 years after repository closure 
is calculated to be 500 mSv/hour and the dose rate is totally dominated by exposure to Ag-108m, see 
the FHA report. If drilling occurs at c. 5,000 years after repository closure, the dose rate has decrease 
to values below 1 mSv/hour and is dominated by exposure to Nb-94 and Sn-126.

These calculated dose rates are very high. This is primarily a result of the cautious assumption regarding 
the amount of Ag-108m brought to the surface when drilling. In the spent fuel, Ag-108m is contained in 
the Ag-In-Cd alloy of the control rods, but in the calculations assumed to be part of the radionuclides that 
are instantly released when a canister is penetrated and therefore the entire amount is taken to be brought 
to the surface. In the case of drilling intrusion Ag-108m would not be instantaneously released, so 3% 
instead of 100% of the inventory of Ag-108m would be brought to the surface when drilling. Due to 
the total dominance of Ag-108m in determining the dose rate, this would reduce the dose rate to workers 
to 3% of the value, i.e. the dose rate 300 years after repository closure would be about 15 mSv/hour.
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Dose to family settled on the site
The doses to the family that settles on the site originates from two sources. The abandoned borehole 
used as a well by the family and the cuttings containing the instant release fraction and the fuel particles 
spread on the ground. The calculated annual effective doses from using the abandoned borehole 
as a well and from the radionuclides spread on the ground are shown in Figures 14-2 and 14-3, 
respectively. The calculated annual effective dose is that which an adult member of the family would 
be exposed to during the first year at the site.

The total dose from using the borehole as a well 300 years after repository closure is 0.31 mSv/year 
(Figure 14-2) and is dominated by the contribution from Am-241. This dose is above the regulatory risk 
limit of 0.014 mSv/year, but below the dose of 1 mSv/year from background radiation. At 2,000 years 
after repository closure, the dose is dominated by Pu-240 and if drilling takes place at still later times, 
Pu-239 and Nb-94 becomes more significant.

The maximum total annual effective dose from the use of the contaminated soil for agricultural 
purposes is about 10 Sv/year and this dose is obtained 300 years after repository closure. The dose 
is dominated by ingestion of vegetables contaminated with Tc-99 and there is also a significant dose 
contribution due to external radiation from Ag-108m. The calculated annual dose is very high, but it 
should be noted that there are a number of simplified, cautious assumptions made in the calculations 
(see further section on uncertainties below).

Quantitative assessment of the effects on the repository of unintentionally penetrating 
a canister when drilling
The impact of an open borehole on the groundwater flow in the repository and the surrounding rock 
has been studied by introducing boreholes at various locations in the hydrogeological base case model 
applied for analyses of the temperate period in SR-Site / Joyce et al. 2010, Section 5.6/. The results 
show that a borehole through the backfill and buffer above a canister will act as a sink for many flow 
paths and that the water flow in the borehole is directed upwards. Although the flow paths are affected 

Figure 14-2. Calculated annual effective doses from using the borehole as a well for drinking water and 
irrigation at Forsmark The dose is that which an adult member of the family would be exposed to during 
the first year at the site and the time is the year after repository closure when drilling takes place and 
the family settles on the site. This means that the only loss of radionuclides accounted for is that through 
radioactive decay (Figure 6-2 in the FHA report).
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by the borehole, the results indicate only small effects of the borehole on the performance measures 
as compared with the hydrogeological base case model (see Section 10.3.6). This indicates that the 
flow paths established by the presence of the borehole have similar transport characteristics to the flow 
paths without a borehole. Furthermore, the upward directed flow in the borehole implies that reducing 
conditions prevail inside the penetrated canister. The modelling results do not show explicitly where 
the flow paths continue from the borehole, but the interpretation is that the water in the borehole exits 
into the highly transmissive fractures in the upper part of the bedrock and continues towards low points 
in the terrain.

Uncertainties
As stated in the FHA report, there are a number of uncertainties in the assumed drilling case regarding 
the impact on the deposition hole hit by the drilling and in the calculations of the doses that this action 
gives rise to. One major uncertainty concerns the amount of the inventory brought to surface by the 
drilling, and especially the amount of the dose-dominating radionuclide Ag-108m. In the calculations 
it is assumed that the whole inventory of Ag-108m is instantaneously released from the spent fuel and 
brought to the surface by the drilling. This is a pessimistic assumption, since Ag-108m is contained in 
metal parts of the fuel and would thus be brought to the surface in a quantity proportional to the amount 
of fuel brought to the surface. Furthermore, Ag-108m comes from control rods. These only exist in 
canisters with PWR fuel, i.e. in about 25% of all canisters. The assumed radius of the borehole will also 
affect the amount of radionuclides brought to the surface, and the handling of the fuel and cuttings will 
affect their spreading and dilution in the biosphere. For example, unbroken fuel rods may be removed 
from the site for further inspection instead of left on the ground as it is assumed in the calculations. 
All these factors will affect the calculated doses from the fuel and cuttings left on the ground.
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Figure 14-3. Calculated annual effective doses from exposure to the radionuclides brought to the surface 
as drill cuttings and fuel pieces (3% of the inventory in a canister) via the use of the contaminated soil for 
domestic farming and through spending time in the contaminated area. The dose is that which an adult 
member of the family would be exposed to the first year at the site and the time is the year after repository 
closure when drilling takes place and the family settles on the site. This means that the only loss of 
radionuclides accounted for is that through radioactive decay (Figure 6-3 in the FHA report).
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Another major uncertainty relates to the availability in, and loss of, radionuclides from the contaminated 
soil. The whole radionuclide inventory in the contaminated area is assumed to be instantaneously 
available for transfer to the agricultural production and air with contaminated dust. This assumption 
leads to a pessimistic value of the annual effective dose, since most likely only a fraction of the 
inventory will be available from the beginning. Further, it is assumed that there are no losses of 
radionuclides from the contaminated area other than by radioactive decay. However, in reality, other 
loss processes, such as leaching in percolating waters, are likely to be of importance. Note that the 
calculated annual effective dose from the radionuclides brought to the surface is valid only for the 
first year after the intrusion given these assumptions and that the land is assumed to be cultivated 
during that year.

It is not certain that the family finds the borehole and uses it as a well. Current practice is to place 
the pump just above the borehole for the well. Non-manual pumps are most often covered and some 
space is left around them to allow maintenance. Manual pumps require some space for pumping. 
The combination of using the borehole as a well and the contaminated soil from the area around it for 
cultivation therefore seems unlikely. Based on current practice the most likely situation seems to be 
that the contaminated area will either be used for cultivation or the borehole will be used as a well. 
Consequently, the person can be assumed to either receive the dose from the use of the contaminated 
area for agricultural purposes or from using the borehole as a well. 

Uncertainties in the analyses of the impact of the borehole on parts of the repository other than the 
deposition hole directly affected by the borehole are judged as small compared to those associated 
with the calculations of dose from the canister penetrated by the drilling. The conclusion that a borehole 
through the backfill above, and buffer in, the deposition hole hit by drilling does not affect the backfill 
and the buffer in a neighbouring deposition hole, is based on results of analyses reported by / Åkesson 
et al. 2010a, Appendix F/. These analyses addressed loss of backfill above a deposition hole or in the 
middle between two deposition holes. Although the results reported by / Åkesson et al. 2010a/ are associ-
ated with uncertainties, their results in combination with the situation in this case, where a potential loss 
of backfill occurs still further away from a deposition hole, seem firm enough for the conclusion drawn. 
There are also uncertainties in the analyses of the impact of open boreholes on the groundwater flow in 
and around the repository, but these uncertainties are judged to not significantly affect the results, see 
the FHA report.

Conclusions
If a canister is penetrated and the borehole is used as a well for drinking and irrigation, the annual 
effective doses to representative members of critical groups will exceed the individual limit on annual 
effective dose for members of the public but not the annual effective dose due to background radiation. 
Assuming the site-specific median water yield of percussion holes drilled in the repository rock at 
Forsmark, the dose corresponding to the regulatory risk limit is exceeded if the intrusion occurs 
during the first c. 35,000 years after repository closure.

If the instant release fraction and crushed material, pieces, and even unbroken fuel rods, from the fuel 
elements are brought to the surface by drilling, the persons executing the drilling will receive very 
high doses. After a couple of hours of exposure, the threshold of 1 Sv for suffering from radiation 
sickness is exceeded. Further, if the contaminated soil surrounding the borehole is used for agricul-
tural purposes, the exposed persons in the case illustrated may be severely injured. However, as dis-
cussed above, the case analysed involves a number of simplified and cautious assumptions. Therefore, 
the calculated annual effective doses should be seen as illustrations of possible consequences rather 
than estimations of what the consequences would be.

An open borehole might affect the long-term properties of the backfill in the deposition tunnel in the 
vicinity of the borehole but the effect on the backfill above neighbouring deposition holes is assessed 
as negligible. This implies that the buffer surrounding canisters in neighbouring deposition holes in 
the deposition tunnel is also unaffected by the borehole. An open borehole through the backfill will 
also change the pattern of flow paths in the rock beneath the highly transmissive fractures in the upper 
part of the bedrock. However, the new paths established have similar transport characteristics as 
those prevailing without an open borehole through the backfill. Therefore, it is judged that even 
though drilling a borehole that penetrates a canister will severely affect the deposition hole hit by 
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drilling, the impact of the borehole on the containment potential of other parts of the repository as 
well as on the retardation potential of the geosphere is negligible. No significant additional doses 
would be incurred by people other than those directly using the contaminated borehole water or the 
land affected by contaminated drillcore.

14.2.6 Assessment of the rock excavation or tunnel case 
Introduction and specification of the case analysed
As discussed in Section 14.2.3 and in the FHA report, there are several plausible reasons for 
constructing tunnels or other types of underground excavations in the bedrock. Today, existing and 
planned underground excavations constructed to repository depth of 400 metres or deeper include 
mines, hard rock laboratories and deep geological repositories for radioactive material. These kinds 
of facilities are considered unrealistic at or close to the repository site. Mines are excluded, since 
sites including exploitable natural resources are excluded in the site selection. Hard rock laboratories 
and deep geological repositories are excluded, since it is probable that societies planning the con-
struction of these kinds of facilities will discover and understand that the site is already used for a 
similar purpose and either construct their facility so that is does not intrude on the existing one or 
chose another site. For the other kinds of facilities mentioned in Table 14-1 the depth is generally 
as shallow as possible with regard to the geology and purpose of the facility. Generally, tunnels are 
constructed down to a depth of 50 metres, which is considered to be plausible also at Forsmark. 
This is, for instance, the depth of the final repository for low- and intermediate level waste (SFR), 
located close to the planned final repository for spent fuel.

For most purposes, tunnels or rock excavations are sealed to prevent water inflow and reinforced to 
mechanically stabilise the tunnel and to avoid the fallout of rock blocks when they are in operation. 
In many cases, the tunnel walls are lined with concrete. If the tunnel is used for final storage, it is 
assumed that measures are taken to prevent hazardous quantities of the unknown stored material 
from escaping from the tunnel. 

The size of a tunnel or rock excavation depends on its purpose. Tunnels can have cross sections from 
about four up to 100–200 m2 and excavations can have volumes from 10,000 to 100,000 m3 or more. 

Based on theseconsiderations, the following case is analysed.

•	 	A	tunnel	constructed	at	50	metres	depth	with	a	cross	section	of	100	m2 and with a length 
corresponding to the whole repository footprint along the centre line of the deposition areas 
is considered. The justification for this assumption is that it is plausible in relation to current 
practice and does not underestimate the possible impact on the repository.

•	 The	purpose	of	the	tunnel	or	rock	excavation	is	not	specified.

•	 The	operational	phase	of	the	tunnel	and	the	designed	working	life	of	sealing	and	reinforcement	
is assumed to be a couple of hundred years. After operation, it is assumed that the tunnel is 
abandoned and becomes saturated with groundwater.

•	 As	in	the	drilling	case,	it	is	assumed	that	the	existence	of	the	repository	is	forgotten	and	that	the	
technical standards for making underground constructions are similar to those used at the present. 
Further, it is assumed that the construction of the rock excavation (tunnel) is not initiated before 
300 years after repository closure.

Function indicator(s) considered
The function indicator relevant for this case is:

•	 R2,	Provide	favourable	hydrologic	and	transport	conditions.

During operation of the tunnel, the hydraulic gradients in its vicinity may be affected. Indirectly, if 
the impact on the hydrologic conditions is substantial, the function indicator R1, Provide favourable 
chemical conditions, could be affected.
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Assessment of the consequences of the construction of a tunnel above the repository
At Forsmark, the bedrock selected for hosting the final repository for spent fuel (the target volume) 
comprises the north-westernmost part of a tectonic lens (Section 4.3). The upper part of the bedrock 
(down to about 150 metres depth) in the target volume is recognised for its large horizontal fractures/
sheet joints / SKB 2008a/. Due to these structures and the high fracture frequency close to the rock 
surface, the upper part of the bedrock is much more water conductive than the lower part, especially 
below 400 metres depth. A measure of the hydraulic importance of these sheet joints in the upper 
part of the bedrock is provided by the exceptionally high water yields in the percussion boreholes 
drilled during the site investigation. The median yield of the first 22 percussion-drilled boreholes 
is c. 12,000 L/h / SKB 2008a, Section 8.4.4/. This is c. 20 times higher than the median yield of the 
domestic water wells drilled outside the tectonic lens, which is no different from the median yield 
of all bedrock wells registered at the Geological Survey of Sweden / SKB 2008a, Section 8.4.4/. 
The high water yield at shallow depth in the target volume of the bedrock inside the tectonic lens is 
not only due to these large horizontal structures in the upper part of the bedrock and the high fracture 
frequency close to the rock surface, but also due to the closeness to the sea, which acts as an endless 
source of water (positive hydraulic boundary). 

If a tunnel is constructed at 50 metres depth, despite the high conductivity in the upper part of the 
bedrock in the target volume, this would place limitations on constructability and require extensive 
grouting. Grouting would, in turn, considerably limit the impact of the tunnel on the hydrogeology in 
the surrounding superficial rock. There is no reason to expect that an open tunnel at 50 metres depth 
located above the repository should result in up-coning of groundwater that significantly affects 
the hydrogeology in the repository bedrock at 450 metres depth. This conclusion is supported by 
the significant decrease in the frequency of water-conducting fractures with depth observed in the 
site investigations. It is noted that not even the spent fuel repository is expected to give noticeable 
up-coning during the construction and operational phase, as shown by modelling results for an open 
repository reported in / Svensson and Follin 2010, Section 5.2/.

The future uplift at Forsmark during the next 1,000 years is on the order of 7 m, see the Climate report. 
This decrease in shoreline elevation is not expected to change the importance of the horizontal fractures/
sheet joints in the upper part of the bedrock for the hydrogeological system in the target volume of 
the rock as the horizontal fractures/sheet joints in the upper part of the bedrock occur also at greater 
depths than 7 m. The potential construction and operation of a tunnel above the repository during the 
next 1,000 years would then not negatively impact the performance of the repository. Abandoning 
the tunnel during this period would imply that the tunnel becomes filled with water as the grout in 
the tunnel degrades. The abandoned tunnel might act as a conductor for near-surface flows, but no 
significant impacts on the magnitude of the water flow in the rock surrounding the deposition holes in 
the repository is expected. This is based on the results from hydrogeological analyses of an abandoned, 
partially open repository / Bockgård 2010/, which show very small changes in the magnitude of Darcy 
flux at deposition hole positions if it is assumed that all excavations in the repository except deposition 
tunnels and deposition holes are open, as compared with the expected case that the repository is 
completely backfilled and sealed, see also Section 14.2.8. Consequently, there is little reason to 
expect that an abandoned open tunnel restricted to 50 m depth should impact the magnitude of the 
water flow at repository depth. Furthermore, similar arguments could be made for tunnels located 
down to at least the 150 m level.

Conclusions
The above assessment indicates that the upper 150 m of the bedrock above the repository is an 
unfavourable location for a tunnel from an engineering point of view, due to the exceptionally high 
water yield in this part of the bedrock. These conditions also imply that a tunnel constructed in this 
part of the bedrock would not affect the groundwater flow at repository depth such that the presence 
of the tunnel violates the safety functions of the deep repository. The design consideration to locate 
the repository to a depth that allows utilisation of the site for generally occurring future human 
activities should, therefore, be fulfilled at Forsmark.
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14.2.7 Assessment of a mine in the vicinity of the Forsmark site 
Introduction and specification of the case analysed
The ore potential at Forsmark has been analysed within the site investigations. In an area south-west of 
the Forsmark site a felsitic to metavolcanic rock, judged to have a potential for iron oxide mineralisation, 
has been identified / Lindroos et al. 2004/ (see Section 4.3.2 and Figure 14-4). The mineral deposits 
have been assessed to be of no economic value. Nevertheless, as this judgement may be revised in 
the future due to economic reasons, the potential exploitation of this mineralisation is addressed.

Since the mineralisation at the present is judged to be of no value, it is impossible to describe the design 
of a mine exploiting the mineralisation based on current mining standards. It could be a quarry or a mine 
and the depth could be from tens to hundreds of metres or for mines a thousand metres or even deeper.

Function indicator(s) considered
The function indicator relevant for this case is:

•	 R2,	Provide	favourable	hydrologic	and	transport	conditions.

During operation of the mine, the hydraulic gradients in its vicinity may be affected. Indirectly, if 
the impact on the hydrologic conditions is substantial, the function indicator R1, Provide favourable 
chemical conditions, could be affected.

Figure 14-4. Map showing the areas on the surface that are judged to have some exploration potential for 
mineral deposits (Figure 6-5 in the FHA report).
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Assessment of the consequences of a mine in vicinity of the Forsmark candidate area
If a mine, or other sub-surface rock excavation, were to be constructed in the vicinity of the Forsmark 
site, it may be assumed that the greatest influence on the repository for spent nuclear fuel would 
occur if the construction took place at the same depth and in close proximity to the repository 
for spent nuclear fuel. Since the south-westernmost part of the repository is located west of Lake 
Bolundsfjärden (Figure 14-4), the closest distance between the repository and a hypothetical mine 
in the potential area for mineralisation (Figure 14-4) would be on the order of 1 to 1.5 km.

In order to assess the potential influence on the repository, results from analyses of the hydraulic 
impact of an open repository are used. Calculations of the effects of water inflow to an open repository 
show that the drawdown of the hydraulic head is large in the rock close to the repository at a depth of 
450 m / Mårtensson and Gustafsson 2010, Figure 7-20 lower insert/. However, the drawdown decreases 
rapidly with distance from the open repository in a westerly direction to about 50 m within tens of 
metres from the repository and at distance of c. 1 km from the repository, the drawdown at 450 m depth 
is negligibly small. The reason for the small radius of influence is the low hydraulic conductivity of 
the rock mass volumes at depth in proximity to the repository. This constraining hydraulic condition 
is valid also for a potential future mine outside the tectonic lens. Therefore, it is reasonable to expect a 
very limited hydraulic impact from the mine on the repository because of the low-conductive bedrock 
in the target volume.

Conclusions
The assessment indicates that exploitation of the potential mineral resources in the vicinity of the 
Forsmark site would not impact the safety functions of the repository. The design consideration to 
locate the repository at a site without natural resources is, therefore, considered to be fulfilled.

14.2.8 Incompletely sealed repository
Introduction and specification of the case analysed
According to regulations, it is also necessary to define and analyse a case that illustrates the conse-
quences of an unsealed repository / SKI 2002/. The basic assumption in the case selected as 
representative for scenarios related to an unsealed or incompletely sealed repository is that the reposi-
tory is abandoned when all canisters are deposited and all deposition tunnels backfilled and sealed, 
but the main and transport tunnels as well as the central area, repository access (ramp and shafts) 
and the ventilation shafts in the deposition area (see Figures 5-21 and 10-7) are still open due to, 
for example, political decisions not to seal completely. This assumption is based on the strategy for 
deposition of canisters, which implies that deposition tunnels are successively filled with canisters 
and then backfilled and sealed as soon they are filled. Abandoning the repository in the middle of 
this process is judged as rather unlikely because this would mean that canisters are left at the surface 
where they would constitute a larger risk than if emplaced in the repository.

Function indicator(s) considered
This case relates to the following function indicators:

•	 Can1,	Ensure	containment.
•	 Buff1,	Limit	advective	transport	in	buffer;	ensure	tightness	and	self-sealing.
•	 Buff2,	Reduce	microbial	activity.
•	 Bf1,	Counteract	buffer	expansion;	high	density	and	self-sealing	of	backfill.
•	 R1,	Provide	favourable	chemical	conditions;	ensure	reducing	conditions.
•	 R2,	Provide	favourable	hydrologic	and	transport	conditions.

Qualitative description of the consequences of an incompletely sealed repository
If the repository is abandoned when the main and transport tunnels, central area, repository access 
and ventilation shafts in the deposition area are still open, these open volumes will successively be 
water filled. Water will flow through the open volumes with a magnitude and direction dependent 
on the magnitude and direction of the hydraulic gradient. In addition, the open volumes may affect 
the groundwater flow pattern in the repository bedrock.
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All deposition tunnels will be plugged towards the main tunnels when the repository is abandoned. 
When the main tunnels have become filled with water, the cement and other components in the con-
crete plugs may be dissolved in the water and transported away. At some point in time the plugs will 
lose their function and the backfill in the deposition tunnel will swell out into the main tunnels. This 
swelling out into the main tunnels will decrease the density of the backfill in the deposition tunnels. 
How far into the deposition tunnel the decrease in density reach depends on the amount of backfill 
material that is lost from the deposition tunnel. If the density in the backfill above a deposition hole 
is significantly reduced, the buffer in the deposition hole may expand into the backfill above with 
the consequence that the density of the buffer also decreases. 

Abandoning the repository without sealing the access from the surface may facilitate recharge of 
oxygenated water from the surface down to the central area and the main tunnels. In addition, the 
unsealed parts of the repository will contain air which will dissolve in the water that successively 
intrudes into the empty, unfilled parts of the repository. If dissolved oxygen reaches the canisters 
via the backfill in the deposition tunnels and the bentonite buffer or via fractures in the rock that 
intersect the deposition tunnel and further through the bentonite buffer, the oxygen will corrode 
the copper canisters. This may lead to corrosion breakthrough in the canisters and release of radio-
nuclides from the spent fuel.

If and when corrosion breakthrough occurs depends on the supply of oxygen to the canister surface. 
Groundwater recharging from fractures and fracture zones intersecting the unfilled volumes deeper 
down in the rock will most likely not contain dissolved oxygen due to the large reduction capacity 
of both the rock and the overburden through which this water has infiltrated, see Section 10.2.5. 
The major supply of oxygen from the surface down into the open volumes of the repository will 
likely occur during glacial periods when glacial meltwater can be forced down due to the high 
hydraulic gradients established by the ice sheet. However, oxygen dissolved in the water in the empty 
volumes of the repository may also be consumed by both biotic and abiotic processes. For example, 
biological degradation of organic materials, already present in the empty volumes as well as supplied 
with incoming water, will continue until either the oxygen or the biodegradable organic material is 
depleted, and oxygen may react chemically with reducing minerals in the rock such as chlorite, biotite 
and pyrite / Sidborn et al. 2010/, as well as be consumed by aerobic corrosion of iron construction 
materials left in the unfilled volumes of the repository.

Further transport of dissolved oxygen from the unfilled main tunnels in the repository to the canisters 
in the deposition holes will take place by advection or diffusion in the backfill in the deposition tunnels 
and in the bentonite surrounding the canisters, depending on the properties of these barriers. Alternatively, 
transport of dissolved oxygen may take place with groundwater flowing in fractures that intersect the 
deposition holes and are connected to either to the unfilled main tunnel or to the deposition tunnel at 
a location close to the intersection with the main tunnel (see e.g. Figure 5-21). Both in the backfill 
and the buffer, oxygen consumption may take place by chemical reactions with accessory minerals 
in the bentonite. In addition, microbial activity in the backfill is expected to consume oxygen 
(Section 10.2.5).

As described in Section 10.2.5, the bentonite contains organic materials that under anoxic conditions 
potentially could be utilised for microbial reduction of sulphate to sulphide. As long as the backfill 
above a deposition hole does not loose density to the extent that the buffer in the deposition hole can 
expand upwards into the backfill, microbial sulphate reduction in the bentonite buffer is not expected 
to take place to any extent (Section 10.2.5). If the backfill density is reduced to such extent that the 
buffer expands into the backfill, the buffer density may become too low to rule out microbial activity 
in the buffer. However, as noted in Section 10.2.5, although the amount of organic material in the 
bentonite accessible for microbial degradation is highly uncertain, it consists mainly of humic and 
fulvic acids that have molecules that are too large to be used by bacteria as a carbon source. 

Quantitative assessment of the containment potential of an incompletely 
sealed repository
The assessment of the containment potential is based on analysis of expansion of deposition tunnel 
backfill into open main tunnels, on results from groundwater flow modelling of the effects of open 
tunnels and on simple estimates of oxygen supply and canister corrosion, see the FHA report, 
Section 6.6.3. 
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Expansion of deposition tunnel backfill
The expansion of deposition tunnel backfill into the main tunnels after degradation of the plug has 
been analysed by / Åkesson et al. 2010a, Section 22/. With the assumption that the entire plug is lost 
and that the backfill may freely swell out into the main tunnel, the results indicate that deposition holes 
located closer than 25 to 35 m from the degraded plug/backfill interface will experience a backfill with 
a dry density that is below the acceptance criterion of 1,240 kg/m3. Since no deposition hole will be 
located closer than 20.6 m from the deposition tunnel entrance / SKB 2009b/, this implies that the loss 
of backfill from deposition tunnels could lead to density reduction of the buffer in at most four to 
five deposition holes located closest to the tunnel entrance.

The case analysed presumes that the plug is lost from neighbouring deposition tunnels and that 
the swelling is similar from all these tunnels, which implies that the backfill at most can expand 
20 metres along the main tunnel since the distance between two deposition tunnels is 40 metres. 
The consequences of free swelling of the backfill in a deposition tunnel for a case where the plug in 
a neighbouring deposition tunnel is intact and the backfill in this tunnel remains in place have not 
been analysed quantitatively. Clearly, more backfill will expand out into the main tunnel and it is 
envisaged that a few additional deposition holes will experience a backfill with a density below the 
acceptance criteria, as compared with the case with expansion of tunnel backfill in two neighbouring 
deposition tunnels. However, the exact number of such deposition holes is not important for the 
approach selected for analysis of the dose consequences of this case.

Hydrogeological impact
In order to investigate the hydraulic influence of an abandoned, partially open repository, as compared 
to the reference closure of the repository, the effects of open tunnels have been studied for two situa-
tions with different boundary conditions; a temperate situation with present-day boundary conditions 
and a generic future glacial situation with an ice sheet covering the repository / Bockgård 2010/. The 
boundary conditions in the glacial simulation represent a case with an advancing ice margin, but 
without permafrost, where the ice front is located above the repository at ice front location IFL II, 
as defined in Figure 10-127. 

The results from the calculations imply that the open tunnels will cause a drawdown in the surrounding 
rock during temperate conditions, meaning that the tunnels will capture many flow paths from canister 
positions and thereby act as a conductor for flow to the surface. The general flow direction in the tun-
nels is recharge through the ventilation shafts in the deposition area and discharge through the ramp 
and shafts above the central area (see Figure 10-7 for locations of the repository features). The water 
flow in the open system amounts to 0.42 L/s (13,230 m3/year) of which c. 60% (0.26 L/s) recharge 
from the transmissive surface layer and sheet joints above elevation – 40 m. The impact of open 
tunnels on the Darcy flux at deposition hole positions is, however, small, with an increase of about 
10% in the median value compared with the reference closure case. The open tunnels decrease the 
median transport resistance to about 30% of the reference value.

The consequences of open tunnels for the glacial conditions assumed in the calculations are, on the 
other hand, considerable. The high hydraulic head established by the ice sheet may cause a significant 
flow, about 250 m3/s, through the tunnel system, with recharge through the ramp and shafts above 
the central area and discharge through the ventilation shafts in the deposition area. The high hydraulic 
gradient will be transmitted by the tunnels to repository depth and water will be injected into the rock. 
The Darcy flux at deposition hole positions will in general increase and at certain deposition hole 
positions, a considerable increase in Darcy flux is indicated, but the open tunnels decrease the median 
transport resistance in the rock by only about 50%. 

Oxygen supply and canister corrosion
To illustrate the potential consequences for canister corrosion by oxygen dissolved in the water in 
the open tunnels in the repository, some simple calculations have been carried out, see the FHA report, 
Section 6.6.3 and Appendix B. In the calculations it is assumed that the water in the backfilled 
deposition tunnels above a deposition hole is saturated with dissolved oxygen and that oxygen is 
further transported to the canister lid by diffusion through the 1.5 m thick bentonite buffer above 
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the lid (see Figure 5-11). For temperate conditions, the concentration of oxygen at the upper boundary 
of the buffer is set to 0.3 mol/m3, i.e. in equilibrium with atmospheric oxygen, and a concentration 
of 1.5 mol/m3 is assumed for glacial conditions, i.e. corresponding to the concentration in glacial 
meltwater / Sidborn et al. 2010/.

With an effective diffusivity of 1·10–10 m2/s for dissolved oxygen, an approximate value representative 
for uncharged species (see the Data report) and assuming 1D-diffusion through the entire cross-
sectional area of the buffer (diameter 1.75 m, Figure 5-12), the flux of oxygen after diffusion through 
1.5 m buffer is calculated to 1.5 10–3 mol/year. If it is further assumed that this oxygen instantly reacts 
with the copper according to the stoichiometry 4 mol Cu/mol O2, it would take 1 million years before 
corrosion breakthrough occurs in the 50 mm thick copper lid. If diffusion through the bentonite occurs 
through a cross-sectional area corresponding to the area of the canister lid, the time for corrosion 
breakthrough will be approximately three times longer. With a ten times higher diffusivity, representa-
tive of diffusion in unconfined water, it would still take on the order of 100,000 to 300,000 years before 
breakthrough occurs. With the higher concentration of dissolved oxygen, corresponding to glacial 
conditions, it would take on the order of 200,000 to 600,000 years for corrosion breakthrough provided 
that the buffer has retained its properties and about 20,000 to 60,000 years if the buffer above the 
canister is lost and diffusion of oxygen occurs through water only.

Sulphide as a corrosion agent is neglected in this scenario, since the corrosion breakthrough times 
are expected to be significantly longer than those estimated for oxygen. The main reasons for this 
are that the natural concentrations expected are at most in the order of 10–5 M / Tullborg et al. 2010/, 
which is orders of magnitudes lower than the concentration of oxygen assumed in the simplified 
calculations, and that the stoichiometry of the corrosion reaction imply that less copper is consumed 
per mol sulphide (2 mol) compared with the consumption by oxygen (4 mol). The organic material 
contained in the bentonite material in buffer and backfill (see Section 10.2.5) is not expected to 
be utilised for microbial reduction of sulphate in the groundwater to sulphide as long as oxygen is 
present, if indeed they are at all susceptible to biodegradation.

Conclusion regarding containment potential
According to the reference glacial cycle evolution described in Section 10.4.1 and displayed in 
Figure 10-107, extensive glacial conditions are not expected to be established within the next 
c. 58,000 years. Even if the density of the buffer in deposition holes close to the intersection between 
the deposition tunnel and the main tunnel significantly decreases, the calculations carried out indicate 
that no corrosion breakthrough is to be expected within the next c. 58,000 years. Furthermore, the 
results of the hydrogeological analysis indicate that the hydraulic gradients during temperate conditions 
are directed towards the open tunnels and, hence, would act against oxygen transport from the open 
tunnels to the deposition holes. The hydrogeological results for temperate conditions also indicate only 
small effects of the open tunnels on the Darcy flux at deposition hole positions. Although the open 
tunnels change the flow paths with somewhat reduced flow related transport resistances in the rock as 
a result, these resistances are still high. The fact that flow paths are captured by the open tunnels and 
discharge through the shafts and ramp above the central area is also considered as insignificant, since 
discharge points occur close to the repository also in the reference evolution and also because perigla-
cial conditions with permafrost in the upper parts of the ramp and shafts will prevail for large parts 
of the 58,000 year time period. This implies that the impact of the open tunnels for deposition holes 
other than those directly affected by the expanding tunnel backfill is small. Therefore, no analyses of 
radionuclide release and dose consequences are carried out for the period prior to the next glaciation.

At the onset of the glacial period at Forsmark (c. 58,000 years after present), the hydrogeology at 
the site is expected to change and high groundwater flows in the open tunnels cannot be excluded. 
According to the reference evolution, Figure 10-107, this glacial period will last for c. 8,000 years. 
No corrosion breakthrough in canisters is expected during an 8,000 year long period with glacial 
conditions as long as diffusion is the dominating transport process in the buffer for corrosive agents 
in the groundwater. However, backfill that has expanded out into the main tunnels may be carried 
away during periods of high groundwater flow in the open tunnels. This may, in turn, result in further 
expansion of deposition tunnel backfill out into the main tunnels, exposing the buffer in deposition 
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holes close to the intersection with the main tunnel to less and less counter pressure from the remaining 
backfill in the deposition tunnels. This may lead to expansion of the buffer upwards into the deposition 
tunnel, leading to a decrease in buffer density. Furthermore, if the deposition hole is intersected by 
a fracture large enough to carry substantial flow, buffer and backfill material could be carried away 
by groundwater flowing through the deposition hole and the deposition tunnel. Whether this situa-
tion is likely to occur during the 8,000 year long glacial period has not been quantitatively assessed. 
However, here it is assumed that it does and that this also implies that the groundwater flow through 
the deposition hole is large enough to supply the amount of corrosive species needed for corrosion 
breakthrough in the canister to occur before the end of this glacial period. This should be a cautious 
assumption, since permafrost prevails in the upper part of the bedrock, at least down to c. 70 m depth, 
during the whole period (Figure 10-107), which should limit the water turnover in the open tunnels 
in the repository.

Quantitative assessment of the radionuclide release and dose consequences of 
an incompletely sealed repository.
According to the reference glacial cycle evolution (Figure 10-107), deglaciation at the site will occur at 
66,200 AP after which the site will be submerged during the following c. 8,000 years before periods 
with alternating periglacial and temperate conditions occur. In the analysis of the radionuclide release 
and dose consequences of this case, see the FHA report, the sequence of submerged and alternating 
periglacial and temperate conditions is not considered. Instead it is for simplicity assumed that temperate 
conditions prevail when calculating the radionuclide release from the repository and the subsequent 
dose impact. Further assumptions made in the calculations are listed below and data used in the calcu-
lations are the same as those provided in Table 14-2, except for the water flow through the deposition 
hole, which is set to the value of high water flow in the analyses of the scenario “canister failure due 
to corrosion (0.73 m3/year).

•	 No	corrosion	breakthrough	in	canisters	occurs	during	the	first	period	of	temperate	conditions	
lasting until c. 58,000 years after present.

•	 During	the	subsequent	glacial	period	lasting	until	66,200	years	after	present,	corrosion	break-
through occurs in a canister in a deposition hole that is intersected by a fracture with high ground-
water flow and which is located close to the intersection between a deposition tunnel and an open 
main tunnel.

•	 At	year	66,200	after	present,	radionuclides	are	released	from	the	spent	fuel	in	the	failed	canister	at	a	
rate determined by the advective flow in the fracture intersecting the deposition hole. The released 
radionuclides are transported with the flowing water from the deposition hole to the central area 
and the access ramp and shafts above the central area via the deposition tunnel and open main and 
transport tunnels. The concentration of radionuclides in the water in the open system is determined 
by the groundwater turnover in the open tunnels as estimated for temperate conditions.

•	 The	water	in	the	access	ramp	and	shafts	is	utilised	by	humans	for	agricultural	purposes	and	as	
drinking water.

The calculated total effective dose (Figure 14-5) during the first 1,000 years after canister failure is 
56	μSv/year	and	the	dose	is	dominated	by	the	intake	of	food	and	water	contaminated	by	Pu-239	and	
by external radiation from Nb-94. Thereafter, the effective dose remains at a fairly constant level of 
about	25	μSv/year	for	the	remaining	period	until	the	start	of	glacial	conditions	about	90	thousand	years	
after present. During this period, the dose is dominated by the intake of food and water contaminated 
with Pu-239 and Ra-226.

The	calculated	effective	dose	is	above	the	regulatory	risk	limit	of	14	μSv/year	during	the	whole	
time period analysed, but below the dose of 1 mSv/year from background radiation. The calculated 
effective dose is obtained for a postulated failure of one canister in the repository during the glacial 
period prior to 66,200 years after present. In order to receive an effective dose that is comparable to 
that received from background radiation, approximately 20 canisters can fail during this period.
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Uncertainties
The uncertainties in the analyses of expansion of deposition tunnel backfill are rather large. The friction 
angle is a function of the swelling pressure and increases with decreasing swelling pressure. The values 
at low swelling pressure are not well known, but laboratory measurements indicate that the friction 
angle is higher than 20 degrees at low density and that the lateral stresses (corresponding to the normal 
stresses towards the rock surface) are higher than the stress in the swelling direction. This means that 
the resisting force from friction is probably larger than that modelled, which implies that the results 
are probably pessimistic in the sense that the swelling and thus density loss would be smaller than 
modelled / Åkesson et al. 2010a/.

There are a number of uncertainties in the analyses of the impact on groundwater flow of open tunnels 
in the repository, especially for the simulations with glacial conditions. One important uncertainty 
relates to the accessibility of water. In reality the flow in an open tunnel below the ice front will 
probably be limited by the supply of subglacial melt water in the transmissive subglacial layer at 
the ice-subsurface interface. If the supply of water is insufficient, there will be a drawdown of the 
pressure and the flow will decrease. In order to give such a high flow as adopted above, the tunnel 
entrances have to coincide with a major melt water tunnel under the ice. It should also be noted that the 
calculations assume a worst case location of the ice front in terms of hydraulic gradient. The hydraulic 
gradient below the ice sheet when the repository is completely covered by ice may be even lower than 
during the temperate conditions / Vidstrand et al. 2010/.

Several simplified assumptions are made in the calculations of oxygen supply to the canister surface. 
The only transport resistance accounted for is that in the buffer surrounding the canister, whereas 
transport resistances in the backfill on top of the buffer in the deposition hole and in the deposition 
tunnel as well as in fractures in the rock are neglected. This is judged as very pessimistic, at least for 
temperate conditions. Even if the tunnel backfill expands out into the main tunnel and the density of 
the backfill above a deposition hole is significantly reduced, the transport resistance in the deposition 
tunnel should still be significant. This is supported by the results of the hydrogeological modelling 
that indicate that the hydraulic gradients are directed towards the open tunnels in the repository. Any 
oxygen transport from the open tunnels to the deposition holes then has to take place in a direction 
opposite to the hydraulic gradient. Other pessimistic assumptions concern the oxygen concentration 
and that it remains constant over a long time period. There are both biotic and abiotic processes that 
may consume oxygen in the repository environment. 
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The assumption that the tunnels will remain open after the advance and retreat of an ice sheet is 
also uncertain. Although the surface denudation is quite small at Forsmark, see Section 4.5.7 in 
the Climate report, it seems very likely that eroded materials will fall down and fill in at least 
parts of the open tunnels.

The assumption that one canister fail due to corrosion during the next glacial period is not backed-up 
by any quantitative assessments, but is postulated based on cautious assumptions and therefore associ-
ated with large uncertainties. For example, it is assumed that the water flow in a fracture intersecting a 
deposition hole is large enough to carry away buffer in the deposition hole and backfill material above 
the deposition hole and to supply enough corrosive species for corrosion breakthrough to occur within 
an 8,000 year long period. Considering that in the design premises for the final repository there are 
limits on the water inflow to a deposition hole that will be accepted for hosting a canister / SKB 2009a/, 
the potential for deposition holes that have intersecting fractures with high flow rates should be low.

Conclusions
From the simplified analyses carried out it can be concluded that abandoning the repository without 
backfilling and sealing all parts of the repository may imply that backfill in the deposition tunnels is 
lost and that the safety functions for containment are violated for deposition holes located close to 
the entrance of the deposition tunnels. Therefore, the general conclusion is that the repository should 
not be abandoned prior to complete backfilling and sealing.

The analyses of a not completely sealed repository further demonstrate that the repository system 
adapted to the Forsmark site is robust over a long period of time. Even without backfill in parts of the 
system, no canister failures are expected as long as diffusion dominates the transport of corrosive species 
in the backfill in deposition tunnels and buffer in deposition holes. The hydrogeological results for 
temperate conditions also indicate only small effects of the open tunnels on the Darcy flux at deposition 
hole positions. Although the open tunnels change the flow paths with somewhat reduced flow related 
transport resistances in the rock as a result, these resistances are still high. The fact that flow paths are 
captured by the open tunnels and discharge through the shafts and ramp above the central area is also 
considered as insignificant, since discharge points occur close to the repository also in the reference 
evolution and also because periglacial conditions with permafrost in the upper parts of the ramp and 
shafts will prevail for large parts of the 58,000 year time period. This implies that the impact of the open 
tunnels for deposition holes other than those directly affected by the expanding tunnel backfill is small.

If corrosion breakthrough in canisters occurs during the next period with glacial conditions, i.e. from 
58,000 years to 66,200 years after present according to the reference evolution, the annual effective 
dose from radionuclides in the failed canisters will exceed the regulatory risk limit. However, as long 
as the number of failed canisters is limited to less than c. 20, the effective dose from radionuclides 
in these canisters will be lower than the dose obtained from background radiation. Considering the 
large uncertainties and cautious assumptions made in the analysis, the calculated annual effective 
dose should be seen as an illustration of possible consequences rather than an estimation of what 
the consequence would be if the repository is not completely backfilled and sealed.

14.3 Analyses required to demonstrate optimisation and use of 
best available technique

14.3.1 Introduction
As stated in Section 2.7 some aspects of the demonstration of best available technique (BAT) need 
to be addressed in the assessment of long-term safety supporting the licence application, i.e. in the 
SR-Site reporting. While a general account of the use of BAT is a broad issue spanning from the selec-
tion of method for the management of nuclear waste to fine details of the selected method, a limited 
part of this issue can and should be addressed in the safety assessment of the preferred method. Here, 
the account of BAT is, therefore, confined to the KBS-3 method with vertical deposition, using copper/
cast iron canisters, buffer and backfill at the selected site. 
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Within the SR-Site assessment final judgements on BAT cannot be made, but a basis for such judge-
ments can be provided. As stated in the introduction, Section 1.2, SR-Site is based on a reference 
design of the engineered parts of the repository, including reference methods to achieve the specified 
design, taking into account methods of controlling that the specifications of the reference design 
have been achieved. Feedback can be given as to whether alterations in relation to this reference 
design could lead to reductions in risk or in reduction in uncertainties that potentially could affect 
risk. For aspects of the design where no such reduction in risk or uncertainty in fulfilment of safety 
functions can be seen to be realistically obtainable, the solution will be claimed to be optimal and 
BAT. However, SR-Site is not an assessment of all conceivable technical solutions. SKB will con-
tinue technical development of several aspects of the design in order to further simplify construction 
and implementation, but will only adopt these developments if they lead to the same or lower risk 
than found in SR-Site.

The BAT related assessment focuses on the scenarios, with their related safety functions, contributing 
to risk, i.e. the scenarios treating canister corrosion failure and canister shear failure. For these scenarios 
aspects of the design influencing the occurrence of the scenario and its calculated risk are assessed 
considering whether realistic alterations of the design would significantly reduce risk. In addition, 
also the main features of the design, such as backfill, sealing or repository depth, that do not directly 
contribute to risk are assessed, in order to clarify whether there are aspects of these features that could 
be detrimental to any safety functions and whether changes to these features could enhance safety.

The analysis of the containment potential for the relevant scenarios presented in Chapter 12 and the 
analyses of retardation potential and risk, presented in Chapter 13, with associated sensitivity analyses, 
are the bases of the BAT related assessment presented in the following subsections, since they point 
to the most important issues to consider in the BAT discussion. Furthermore, in order to evaluate 
the calculated risk results in the assessment of long-term safety from the point of view of BAT and 
optimisation, some additional analyses of the sensitivity of the risk with respect to important barrier 
dimensions and layout rules have been carried out and are presented below. The overall assess ment of 
whether the current reference design is in compliance with this aspect of BAT is left to Section 15.3.5.

14.3.2 Potential for corrosion failure
Canister failure due to corrosion, i.e. violation of safety function criterion Can 1, copper shell thick-
ness, according to Figure 8-3, is the main contributor to calculated risk. According to the corrosion 
scenario assessed in Section 12.6, corrosion failure could only occur if advective conditions develop 
in the buffer. Factors of the design influencing the potential for advective conditions in the buffer are 
(Section 12.2):

•	 Buffer	density	–	amount	of	dry	mass	deposited.
•	 Backfill	density	–	amount	of	dry	mass	deposited	above	the	deposition	hole.
•	 Type	of	buffer	material	used.
•	 Geosphere	conditions	yielding	very	high	or	very	low	ionic	strengths	of	groundwater.
•	 Geosphere	conditions	leading	to	increased	flow.

Factors of the design affecting the potential for corrosion failure in case of an eroded buffer are (see 
Section 12.6):

•	 Copper	shell	thickness.
•	 Deposition	hole	acceptance	criteria	–	since	these	may	affect	the	Darcy	flux	of	the	groundwater	

around the deposition hole.

In the following it is assessed, based on results already presented in this report complemented by 
some additional sensitivity analyses, whether realistic changes of the current reference design would 
lead to reduced risk.
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Copper shell thickness 
The mean number of failed canisters at one million years in the corrosion scenario has been calculated 
for cases where the reference design copper thickness of 5 cm is changed to 10 cm and to 2.5 cm. 
All other input data are as for the central corrosion variant, see Section 12.6.3, meaning e.g. that 
the result is based on a weighted mean of all semi-correlated hydrogeological DFN realisations. 
The results show that increasing the copper thickness to 10 cm reduces the mean number of failed 
canisters at one million years by a factor of about 3 while halving the thickness to 2.5 cm increases 
the number by about a factor of 2, see Figure 14-6.

The maximum dose and hence the risk depends on the canister thickness in a similar way to the 
mean number of failed canisters at one million years, see the Radionuclide transport report. 

Since the calculated risk with the reference design is below the regulatory limit, the selected copper 
thickness is deemed adequate from the point of view of BAT. Potential problems of manufacturing 
and sealing a thicker canister have not been considered in this analysis. 

Buffer material – potential for avoiding buffer erosion
The assessment of buffer erosion/colloid release, summarised in Section 10.3.11, demonstrates that 
the phenomenon cannot be ruled out in the assessment of long-term safety. There is still uncertainty 
with regard to modelling of colloid formation and subsequent erosion of the buffer material and 
the modelling approach thus tends to be pessimistic. It also seems clear that it cannot with current 
understanding be defensibly mitigated by e.g. selection of another buffer material. A continued R&D 
program is needed.

Furthermore, it is possible that the erosion process will be hindered, from an early stage, by accessory 
material in the eroded buffer filling up the fractures in which the erosion process occurs / Neretnieks 
et al. 2009/. Continued R&D is required before such a phenomenon could be taken credit for in the 
safety assessment. 

Figure 14-6. Sensitivity cases relating to BAT for the corrosion scenario. Cases with 2.5 and 10 cm copper 
thickness are shown as are two cases where the rejection criteria for deposition holes are eased and 
omitted, respectively. The crosses denote mean values and the bars denote the variability over the several 
realisations of the hydrogeological DFN models.
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Buffer mass and thickness
A thicker buffer and hence a larger deposition hole diameter, would to a limited extent mitigate the 
effects of buffer erosion, since an increased buffer mass would allow more buffer to be lost without 
advective conditions arising. This is however counteracted by the increased deposition hole diameter, 
which to some extent would increase the erosion rate / Moreno et al. 2010/ and also increase the prob-
ability of having a waer-conducting fracture intersecting the deposition hole.

In conclusion, a larger buffer mass is not seen as a practical means of mitigating the effects of buffer 
erosion. A larger buffer mass may offer a slightly longer time before advective conditions are encountered 
in the deposition hole, but this is not seen as a solution to the issue. It is also concluded that continued 
R&D on the erosion process is required. It may also be noted that changing the buffer thickness would 
also imply a need for revising the thermal design of the repository.

Backfill density – Amount of dry mass deposited above the deposition hole
According to Section 10.3.9 a maximum backfill material loss of 220 tonnes in a deposition tunnel 
section can be allowed before advective conditions have to be considered in the deposition hole below. 
As concluded in Section 10.3.11 none of the tunnel intersecting single fractures will cause erosion 
of the backfill to this extent. For a few positions where the tunnel is intersected by a transmissive 
deformation zone, potentially more than 220 tonnes could be lost, but this is not relevant from the point 
of view of canister integrity. Such local loss of backfill by erosion does not mean that the hydraulic 
conductivity of the entire tunnel will be affected and these occurrences are not judged to impair safety. 
In conclusion, the amount of dry mass deposited above the deposition hole according to current design 
is deemed appropriate.

Deposition hole acceptance criteria 
The groundwater flow around and through deposition holes has a large impact on both the loss of 
bentonite which may potentially lead to advective conditions and on the rate of corrosion by sulphide 
in the groundwater as illustrated by Figures 10-72 and 10-158. These figures also show the large impact 
of applying EFPC as a means to avoid deposition holes with high groundwater flow. As described in 
Section 5.2.3, in addition to the ‘pure’ EFPC criterion, also an additional deposition hole rejection 
criterion related to the combination of a high transmissivity and length of the intersecting fracture (T/L 
filtering) is assumed in the reference design of the repository and in the analyses carried out in SR-Site. 

In order to further investigate the importance of the deposition hole acceptance criteria some 
additional cases have been studied.

The mean number of failed canisters at one million years in the corrosion scenario has been calculated 
for cases where i) the transmissivity-fracture length (T/L) filter is omitted and ii) no rejection is applied, 
i.e. neither the T/L-filter nor the ‘pure’ EFPC criterion are applied. All other input data are as for the 
central corrosion variant, see Section 12.6.3. The results show that omitting the T/L-filter increases 
the mean number of failed canisters at one million years by a factor of about 2 while the omission of all 
rejection criteria increases the number by about a factor of 30, see Figure 14-6. In particular the latter 
of these two results demonstrate the necessity of applying appropriate rejection criteria.

The maximum dose and hence the risk depends on the rejection criteria in a similar way to the mean 
number of failed canisters at one million years, see the Radionuclide transport report. 

Furthermore, with the assumptions used in the corrosion calculations for advective conditions in SR-Site, 
in a deposition hole with a Darcy flux of 0.001 m/yr it takes more than 900,000 years to corrode 
through a canister after the buffer has been eroded away, even with the highest sulphide concentra-
tion considered in the corrosion calculations (0.00012 M). Also, the time to erode the buffer is of 
the order of 100,000 years for such a hole if the aperture of the fracture to which buffer is lost is 
10−3 m and assuming dilute conditions 25% of the time. This means that if deposition positions with 
long term Darcy fluxes of 0.001 m/yr or more could be identified and rejected, then the risk over 
the one million year assessment time associated with the corrosion scenario should vanish. It is also 
noteworthy that a Darcy flux limit of 0.01 m/yr would not reduce the risk much compared to what 
is obtained with the EPFC criterion, since almost all of the few positions with such Darcy fluxes 
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are already avoided. Typically less than one percent of the deposition positions have Darcy fluxes 
above 0.001 m/yr and around one in a thousand have fluxes above 0.01 m/yr without any rejection, 
meaning that if an efficient criterion more directly related to the Darcy flux could be formulated, 
the potential losses of deposition positions would be small.

It should be noted that since SR-Site considers the application of the EFPC (including the T/L criterion), 
in practise also a hydraulic consideration is applied. Since there is a correlation, although uncertain, 
between fracture size and transmissivity, application of the EFPC in fact reduces the number of high 
Darcy flux deposition holes significantly. This observation highlights the fact that it is not the EFPC 
as such that is important, but the finding of an observable property that would identify potentially 
flowing fractures.

A more direct criterion that could further reduce the calculated risk, explored within SR-Site, is to adopt 
an inflow criterion since there has to be a correlation between high inflows during open repository 
conditions and high future Darcy fluxes. As is discussed in Section 10.2.3 and further elaborated in 
/ Selroos and Follin 2010, Section 7.1/, such a correlation indeed exists, at least for the higher inflows 
and Darcy fluxes. For example, this analysis suggests that avoiding inflows above 0.1 L/min implies 
that Darcy fluxes above 10–2 m/yr during saturated temperate conditions would not occur. To further 
study the potential effects of such a criterion, the identified deposition positions with high inflow 
rates under open repository conditions were omitted in an analysis of the central corrosion variant of 
the corrosion scenario, for the base case realisation of the semi-correlated hydro-DFN model. This 
led to the result that no canister failures occurred in the scenario, i.e. all the unsuitable deposition 
positions were identified by this procedure.

In conclusion, there appears to be a potential for further enhancing safety by avoiding deposition 
holes with high inflows, even if the correlation is not one-to-one given the differences in boundary 
condition. Furthermore, the inflows will be disturbed by skin effects and grouting and there will 
also be a practical lower detection limit. Partly, these disturbances may be overcome by requiring 
that deposition holes intersected by fractures capable of providing inflows above a certain value are 
to be avoided. This suggests that the hydraulic properties of the fractures intersecting the borehole 
should be tested in the pilot hole prior to drilling the full size hole, thereby avoiding skin effects, and 
that deposition holes intersected by fractures showing visible grout also should be rejected, since 
the presence of grout suggests that the fracture was quite transmissive before grouting.

Deposition tunnel acceptance criteria – including the EDZ
According to current design premises, excavation induced damage in deposition tunnels should be 
limited and not result in a connected effective transmissivity, along a significant part (i.e. at least 
20–30 m) of the disposal tunnel and averaged across the tunnel floor, higher than 10–8 m2/s. Evidence 
presented in the Underground openings construction report and further elaborated in the Data 
report and in Section 10.2.2 suggests there is ample evidence that a potential EDZ formed during 
excavation will be kept below the maximum allowed transmissivity as set out by the design premises 
and data suggests that a continuous EDZ would not develop at all. However, as also stated in the 
Underground openings construction report, further development of the method to control the EDZ 
as well as demonstration of the reliability of this method is needed.

As shown in Table 14-3 the number of corroded canisters is identical between cases without an EDZ 
and with the basic assumption of an EDZ transmissivity of 10−8 m2/s. 

The table also shows that a more transmissive EDZ could affect risk since the number of failed 
canisters starts to increase, although moderately when the transmissivity is increased. It is thus 
concluded that the transmissivity limit of 10−8 m2/s is adequate. 

The EDZ appears even less important for radionuclide transport. For the pin-hole scenario, see 
Section 13.7.2, the presence of an EDZ with a transmissivity of 10–8 m2/s increases the dose only 
marginally compared with the case without an EDZ, and making the EDZ transmissivity larger 
does not further increase the dose. 
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14.3.3 Potential for shear failure
Canister failure due to shear, i.e. violating safety function criterion Can 3 “Withstand shear load”, 
according to Figure 8-2, is a contributor to calculated risk, even if the contribution is small. As 
concluded in Section 10.4.5, pessimistic estimates of canister failure due to rock shear indicate 
that the probability that one out of the 6,000 canisters has failed at Forsmark at the end of the one 
million	year	assessment	period	is	0.079.	This	leads	to	a	peak	mean	dose	of	0.15	μSv,	occurring	at	
one million years, Section 13.6. It could well be argued that further reductions of this very low risk 
contribution are not very meaningful, but it is nevertheless worthwhile to consider what factors of 
the design influence the potential for shear failure. According to the assessment of the canister shear 
scenario (Section 12.8) these factors are:

•	 Insert	strength	and	the	occurrence	of	defects.
•	 Copper	shell	mechanical	properties.	
•	 Buffer	density	and	buffer	material	properties.
•	 Efficiency	in	the	implementation	of	deposition	hole	rejection.

These factors are assessed in the following, mainly using the findings of the studies by / Raiko et al. 
2010/ of the canister-buffer system response to shear loads within the canister design analysis, form-
ing an important basis for the Canister production report. As stated in Section 10.4.5 the current 
design premises are the result of a balance between achievable requirements on the canister and on 
the layout of the repository, given the understanding of earthquakes and secondary shear movements 
on the one hand and of the response of the buffer-canister system on the other. A lower design prem-
ise shear displacement would give a higher probability for shear with given layout rules, but lower 
requirements on the canister design and material (especially the non-destructive testing of the insert) 
and vice versa. Furthermore, the cited analyses of the response of the buffer-canister system to a 
shear load also suggest that if the real variability in buffer density, fracture orientation and impact 
location on the canister were to be taken into account, then in many cases not even a 10 cm shear 
movement would jeopardise the integrity of the canister. This conclusion is further corroborated 
by the fact that the criteria used to evaluate the modelling results relate to local properties, and the 
violating of these criteria would not, in many cases, lead to loss of the integrity of the copper shell.

Insert strength and the occurrence of defects 
The capability of the insert to withstand shear load depends mainly on the occurrence of surface 
defects in the cast iron. According to the damage tolerance analyses / Raiko et al. 2010/, discussed in 
Sections 10.4.5 and 5.4.3, the maximum acceptable depth of crack-like surface defects with a semi-
elliptical shape is quite small (4.5 mm). Larger shear displacement will lessen the acceptable depth, 
while decreasing the buffer density will increase it.

While the Canister production report concludes that the current canister reference design conforms 
to the stated design premises, it is also noted that rigorous requirements on manufacturing and NDT 
capability are needed for the insert. Revising the design of the canister/buffer system such that 
the loads in the insert decrease, e.g. by reducing buffer density, would thus allow relaxation of the 
manufacturing and NDT capability requirements relating to the insert. 

Table 14-3. Calculated mean number of failed canisters at one million years for various assumptions 
regarding the properties of the EDZ and the existence of a crown space. 

Mean number of failed canisters at one million years

Semi-correlated base case realisation without EDZ 0.083
Semi-correlated base case realisation (includes EDZ 
with T = 10−8 m2/s) 

0.083

Semi-correlated base case realisation  
with T = 10−7 m2/s EDZ

0.19 

Semi-correlated base case realisation 
with T = 10−6 m2/s EDZ

0.33 

Semi-correlated base case realisation with crown space  
(includes EDZ with T = 10−8 m2/s)

0.25 
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It should also be noted that the initial state for the shear load case does not take into account PWR 
inserts as representative materials data for strength and damage tolerance analysis are not yet avail-
able. Formally, SR-Site cannot assess the adequacy of PWR inserts. However, the PWR design is 
more robust due to the higher material thickness in the cast iron insert.

Copper shell mechanical properties
The results from inspections of manufactured canister components, presented in the Canister 
production report, show that the specified values for elongation and creep ductility in the copper 
shells conform to the reference design. These design values are used in the subsequent damage 
tolerance analysis / Raiko et al. 2010/ and are found appropriate. While formal sensitivity analyses of 
the importance of the copper shell mechanical properties are not made, it is judged that there is little 
prospect that changing these properties would enable the canister to withstand even larger loads.

Buffer density and buffer material properties 
Alteration of the buffer material due to cementation yields small effects in the shear analyses. In 
the	shear	calculation	made	for	SR-Can	/	Börgesson	and	Hernelind	2006b/	an	8.75	cm	thick	zone	of	
the buffer material around the canister was assumed to be converted to cement like material, with no 
swelling pressure, with an E-modulus increased by a factor of 100 and a shear strength increased by 
a factor of 5 compared to the unaltered buffer. No new calculations of this case have been done for 
SR-Site since such strong changes of bentonite properties are unrealistic, the properties of converted 
material are unknown and the effect rather small. Conversely it is not judged feasible to change 
the buffer composition such that the E-modulus and shear strength are reduced considerably, while 
keeping the needed swelling pressure.

Lowering the bentonite density lessens both the strain and the stress on the insert, as demonstrated 
in Section 10.4.5, Table 10-22. Given the experience in producing and controlling the buffer density, 
as assessed in the Buffer production report, a feasible approach for relaxing the requirements on the 
canister would be to tighten the requirements on the maximum allowed buffer density. As discussed in 
Section 5.5.3 the derived initial state of the buffer implies a maximum bentonite density of 2,022 kg/m3 
around the canister, which would increase the margins for the effects of rock shear on the canister. 
Further reductions of the maximum allowed buffer density, still practically compatible with the require-
ments on minimum buffer density may also be feasible, at least in the form of a statistical distribution. 
Consequently, SR-Site provides this feedback for updating the design premises and for revising 
the buffer design, see Section 15.5.7. 

Efficiency in the implementation of deposition hole rejection
As stated in Section 12.8.2, the number of canisters that may fail due to shear load during the assessment 
period depends on the success of detecting and avoiding large fractures in deposition holes. The FPI 
deposition hole rejection criteria have been shown to be effective in finding critical structures and enable 
the	detection	of	>	97%	of	the	critical	canister	positions	irrespective	of	DFN	model	/	Munier	2010/.	
The remaining positions are propagated to the assessment of seismic impact (Section 10.4.5). However, 
the FPI simulations are based on idealisations of fractures as being perfectly planar, infinitesimally thin 
discs for computational convenience. Most real fractures are not anonymous and, rather, display many 
properties that can be used as proxies for size / Cosgrove et al. 2006/. It is therefore, as argued in / Munier 
2010/, likely that critical fractures that escaped detection in the simulations used as input for this assess-
ment will indeed be detected by a carefully designed investigation programme / SKB 2010b/. Hence, it is 
likely that the number of potentially damaged canisters will be lower than predicted in this assessment. 
From the viewpoint of BAT it may thus be argued that while the current EFPC provides adequate protec-
tion against shear failure, there is reason to continue the efforts envisaged in the detailed investigation 
programme to be able to find critically large fractures by other means. Such efforts are also likely to 
be economically attractive, since application of EFPC implies that many deposition holes are rejected, 
even if they are not intersected by sufficiently large fractures to be of any concern.
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14.3.4 Design related factors that do not contribute to risk
Failure due to isostatic overpressure
The assessment of the scenario “Canister failure due to isostatic load”, presented in Section 12.7.5, 
concludes that a maximum swelling pressure of 15 MPa could occur in the buffer, the groundwater 
pressure is around 4.5 MPa at Forsmark for ice-free conditions and an additional ground water pres-
sure of at most 30 MPa could occur as a result of a maximum glacial load supported by geological 
evidence. The sum of these loads is 49.5 MPa. However, considering that the combined impact 
of swelling pressure and hydrostatic load is somewhat smaller than this sum, this, as suggested in 
Section 12.7.5, results in a total pressure of around 46.5 MPa. 

The assessment of canister strength concludes that local collapse is avoided with substantial margin for 
45 MPa and the margin to total collapse (90 MPa), i.e. the criterion for canister failure, is considerable. 
For the given reference design there is ample margin to prevent canister failure due to isostatic load, 
even for the most extreme load situations and there seems to be no need to change the design in order 
to increase this margin. 

Dimensions and material properties of the deposition tunnel backfill
The backfill safety functions Bf1, according to Figure 8-3, are to keep the buffer in place and to have 
sufficiently low hydraulic conductivity. These safety functions are achieved and maintained with the 
current backfill design. 

It is concluded in Section 10.3.9 that the swelling pressure of the buffer and the associated safety func-
tions will be maintained during the expansion of the buffer into the backfill for all possible combina-
tions of buffer and backfill conditions. Furthermore, several likely pessimistic assumptions are made in 
this analysis including assuming the buffer to be completely water saturated and homogenised from the 
start, assuming weak mechanical contacts between the backfill blocks, not including the local crushing 
of the blocks that may occur close to the floor and assumed that the backfill blocks are not overlapping.

It is also important that the backfill maintains its swelling pressure, thereby avoiding e.g. the formation 
of a water conductive crown space immediately beneath the tunnel ceiling. As demonstrated by the last 
row of Table 14-3, such a crown space could alter the flow situation e.g. such that it affects canister 
failures due to corrosion negatively. The swelling pressure is indeed assessed to be maintained with 
the current design.

•	 According	to	Section	10.3.9,	there	will	be	a	remaining	density	gradient	in	the	backfill	after	satu-
ration. The calculated lowest density is 1,370 kg/m3, which according to Figure 5-19 would give 
a swelling pressure of ~1 MPa. This is an order of magnitude higher than the swelling pressure 
needed to fulfil backfill safety function Bf2 (Figure 8-3). Thus, the backfill self-sealing ability 
should be sufficient. 

•	 As	seen	in	Section	10.3.9,	erosion	of	backfill	in	a	tunnel	intersected	by	a	highly	conductive	fracture	
is important for the properties of the buffer in the deposition hole, but is not expected to have any 
significant importance for the transport properties itself. There will be a local volume with low 
swelling pressure and high hydraulic conductivity. However, the main part of the tunnel volume 
will be unaffected. 

•	 Since	the	temperature	is	low	under	all	conditions,	montmorillonite	alteration,	in	the	form	of	
illitization can be neglected in the backfill. It is also assumed that the cement in the repository 
will be of the “low-pH” type and will have insignificant impact on the properties of the backfill 
(see the Buffer, backfill and closure process report, Section 4.4.7)

•	 In	Sections	10.4.8	it	is	shown	that	future	changes	in	temperature	and	groundwater	chemistry	will	
have limited or no effect on the hydromechanical properties of the backfill material.

For the case when backfill material is lost, a maximum loss of 220 tonnes in a deposition tunnel sec-
tion can be allowed before advective conditions have to be considered in a deposition hole. As found 
in Section 10.3.11 none of the tunnel intersecting single fractures will cause erosion of the backfill 
to the extent that it loses so much swelling pressure that advective conditions must be assumed in 
underlying deposition holes. For a few positions where the tunnel is intersected by a very transmissive 
deformation zone, potentially more than 220 tonnes could be lost, but this is not relevant from the point 
of view of canister integrity. Such local loss of backfill by erosion does not mean that the hydraulic 
conductivity of the entire tunnel will be affected and these occurrences are not judged to impair safety.
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In conclusion, while there possibly could be improvements in the backfill design from an installation 
point of view, there does not seem to be a need to change the design to further improve its safety 
functions.

Dimensions and material properties of the closure
There are no direct safety functions connected to the closure of the repository, but its impact has been 
assessed in SR-Site. The reference design presented in the Underground openings construction 
report and in the Closure production report conforms to these design premises and the analyses in 
SR-Site show that a design following these rules would be appropriate. Furthermore, based on the find-
ings from varying the transmissivity of the EDZ, discussed in Section 14.3.2 it is not obvious that these 
rules can be relaxed. However, it is likely that the direct impact on risk would only apply to the EDZ in 
the deposition tunnels, whereas a higher transmissivity probably could be accepted in the other tunnels. 
Such a situation has, however, not been analysed in SR-Site.

Repository depth
As explained in the Underground openings construction report and further discussed in Section 5.2.2, 
the repository depth has mainly been decided by considering the hydraulic conditions of the Forsmark 
site, i.e. frequency and occurrence of transmissive fractures and their dependence on depth, while the 
constructability is mainly related to rock mechanical issues, e.g. the likelihood and extent of spalling 
in deposition holes prior to emplacement. It is judged that remaining uncertainties in the geological 
description can be sufficiently resolved using methods and techniques that were implemented during 
the site investigations and would only require minor re-adjustments of the available areas. Uncertainties 
in the orientation of maximum horizontal stress can only be significantly reduced by in situ tests 
at depth during access construction. The finding may necessitate a re-orientation of the deposition 
tunnels, but would not affect the overall suitability of the designated depth and repository areas. 

Chemical stability – Salinity, redox and sulphide 
Factors relating to the chemical stability safety function R1 “Provide chemically favourable conditions” 
are generally favourable at the selected depth. The only remaining chemical stability issues of concern 
for repository safety relate to the potential for a few deposition holes to experience groundwater with 
too low an ionic strength and presence of sulphide. The other R1 safety function indicator criteria 
regarding favourable chemically favourable conditions are upheld for the entire assessment period.

As	already	concluded	in	Section	14.3.2,	the	ionic	strength	of	the	groundwater;	Σq[Mq+], will fall below 
4 mM charge equivalent i.e. violating safety indictor criterion R1c, for some deposition holes during 
some time of the glacial cycle. This may, in turn, lead to loss of buffer in a few deposition holes 
and that a few (between 0 and 2) canisters would fail due to corrosion by the end of the 106 year 
assessment period. As already discussed this latter problem could probably be further mitigated by 
applying more strict inflow rejection criteria when selecting deposition holes. Generally, the risk of 
penetration of dilute waters would also decrease with increased repository depth. However, the few 
occurrences of such potential penetration are related to the scarce occurrence of highly transmissive 
migration paths in the generally very tight rock. There is no evidence that a practically realistic 
increase of the depth (i.e. in the order of a 100 m) would dramatically reduce the occurrence of such 
isolated paths – and it seems a better strategy to try to avoid them locally.

The sulphide contents of groundwaters at Forsmark have been examined in / Tullborg et al. 2010/. 
The data show that there is no indication that sulphide concentrations should be correlated with 
depth. No dependence has been found between the sulphide concentrations and the transmissivity 
of the fractures where the groundwaters were sampled. Other parameters that could be involved in 
the process of bacterial sulphate reduction are concentrations of dissolved organic carbon (DOC), 
methane and hydrogen. Organic carbon concentrations are higher in the upper 100 m of the rock, but 
at depth the values are low, less than 2·10−4 mol/L, and no depth trend can be discerned. The data on 
methane and hydrogen are scarce and show no depth dependency either. The conclusion is therefore 
that a change in the repository depth would not affect the number of failed canisters due to corrosion 
by sulphide.
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Lengths and transport resistances of hydraulic travel paths to and from the repository
Safety function R2a “Transport resistance in fractures, F” is affected by repository depth. The travel 
paths of solutes in the groundwater will increase with increasing depth, but the resulting impact on 
the transport resistance would only be marginal, i.e. increasing depth by 100 m would only imply an 
increase in path length by about 25%. More importantly, the transport resistances offered by these 
paths would increase with depth if the hydraulic conductivity decreases with depth at the site, see 
further below. 

Fracture frequency and fracture transmissivity
Both safety functions R2a “Transport resistance in fractures, F” and R2b “Equivalent flow rate in 
buffer/rock interface, Qeq” are affected by repository depth, since fracture frequency and fracture 
transmissivity show depth dependence. However, the selected repository depth is well below 
the depth at about 400 m where the already low frequency of water conducting fractures drops 
dramatically. Nothing in the data suggests that this extremely low frequency would drop further 
at realistically reachable greater depths. In summary, the chosen repository depth below 450 m is 
sufficient to reach the low fracture frequency and low permeability volumes of Forsmark, and there 
does not seem to be any advantage in going deeper.

Groundwater pressure
Groundwater pressure, safety function R3a, contributing to the isostatic load on the canister, increases 
with depth. However, compared with the buffer swelling pressure and hydrostatic pressures from a 
glacial overburden, the increased pressures are of marginal importance. An increased pressure will 
also increase the inflow to the repository during construction, unless this is counteracted by grouting 
– this is however mainly an issue for repository engineering. Furthermore, there will only be limited 
needs for grouting at depth in Forsmark, since the frequency of water conducting fractures and 
deformations zones is very low.

Rock stress
Rock stress indirectly affects safety function R2b “Equivalent flow rate in buffer/rock interface, Qeq”, 
since the in situ stress determines the potential for thermally induced spalling. Stress in general 
increases with depth, but as concluded in the Underground openings construction report (and its 
underlying references), below 300 m depth, there appears to be little evidence that the horizontal 
stress magnitudes in fracture domain FFM01 increase significantly with depth. Hence placing the 
repository at 400 m or 500 m depth does not significantly increase the risk for excavation-induced 
spalling in the deposition holes.

Initial temperature
The in situ temperature, relates to safety function R4“Provide favourable thermal conditions”. 
Temperature increases with depth, although the thermal gradient is relatively low in the considered 
depth range. This needs to be considered in the repository layout, when determining the necessary 
canister spacing that would ensure that the peak buffer temperature lies below stipulated limits, and 
this means that the canister spacing needs to increase with depth, leading to a larger footprint for a 
deeper location. However, given that this is considered in the repository design, there are no other 
detrimental effects of the elevated in situ temperature with depth.

Freezing 
A colder future climate may in principle ultimately lead to freezing and relates to safety function R4 
“Provide favourable thermal conditions, of the buffer and the deposition tunnel backfill”. Such 
freezing could in turn have detrimental effects on the canister and the near-field rock. The likelihood 
of freezing decreases with increasing depth. The analyses in SR-Site have, however, demonstrated 
that freezing of the buffer can be considered as a residual scenario, i.e. no reasonable way that this 
could occur has been identified for a depth of 450 m at Forsmark. For an eroded buffer, the freezing 
point is higher than for an intact buffer. At the current depth it is unlikely but cannot be fully ruled 
out. The effects are, however, not assessed to threaten the integrity of the canister. As demonstrated 
in Section 12.3 freezing of the deposition tunnel backfill at these depths can also be ruled out.
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Surface erosion
Surface erosion of the host rock will occur, in particular by glacial erosion. This means that the 
repository depth will decrease somewhat for each glacial phase. The extent has been estimated to 1–2 m 
per glacial cycle, see the Climate report, Sections 3.5.4 and 4.5.7, when considering the repository site 
located in bedrock without major valleys and deformation zones. Therefore, erosion does not have to 
be considered when determining repository depth within the reference interval 400–700 metres.

Inadvertent human intrusion
The probability of inadvertent human intrusion into the repository decreases with increasing depth. 
Intrusion may have consequences both for the intruders and for the long-term performance of the 
repository after the intrusion. Intrusion scenarios are evaluated separately from other scenarios in 
the safety assessment, in accordance with Swedish regulations. Therefore, it is not straight-forward 
to assign this factor an importance measure in a sense comparable to the other factors discussed here. 
In general, intrusion to several hundred metres is considered unlikely in resource poor rock.

Other layout issues
SR-Site has assessed a specific repository layout adapted to the Forsmark site and fulfilling the design 
premises stated for layout adaptation. The analyses show that for the scenarios contributing to risk 
(corrosion and shear failure) it is essentially the details of the layout, like the exact position of depo-
sition holes and what deposition holes would be accepted that is important. These details can only be 
finalised during repository construction and operation and by application of the observational method 
using findings from the underground based detailed investigations and applying the design premises 
for accepting deposition holes discussed in previous sections. Thus, the question whether the reposi-
tory layout is BAT can at this stage only be assessed based on these design premises. More specific 
feedback on these premises is given in Section 15.5. 

14.4 Verification that FEP’s omitted in earlier parts of the 
assessment are negligible in light of the completed 
scenario and risk analysis

14.4.1 Introduction
FEP’s are omitted at various stages in the assessment. In establishing the SR-Can FEP catalogue, and 
the update of this to the SR-Site FEP catalogue, audits of FEP’s in the NEA FEP databases were carried 
out (see Chapter 3). The first step in this process was to screen out Project FEP’s in the NEA FEP data-
base assessed as not relevant for SR-Can and SR-Site using some pre-defined screening criteria, see 
the FEP report. A FEP could be screened out if one or more of the criteria listed below are fulfilled.

•	 The	FEP	is	not	appropriate	to	the	actual	waste,	canister	design,	repository	design,	geological	or	
geographical setting.

•	 The	FEP	is	defined	by	a	heading	without	any	description	of	what	is	meant	by	the	heading,	but	
from the interpretation of the heading it is judged that the FEP is covered by other NEA Project 
FEP’s.

•	 The	FEP	is	very	general	and	covered	by	other	more	specific	NEA	Project	FEP’s.

The outcome of this first screening of FEP’s is documented in the SKB FEP database and is not further 
addressed here. It should be noted that the general strategy in the screening of FEP relevance was to 
judge FEP’s as relevant rather than to screen them out at this stage, unless it is clearly obvious that 
they are irrelevant.

As described in Section 3.3 and in the FEP report, all NEA Project FEP’s remaining after the initial 
relevance screening were mapped to FEP’s in the SR-Can and SR-Site FEP catalogues. The result was 
used to create check lists for updating process descriptions and for the descriptions of the initial states 
of the repository system components. In addition, FEP lists from the audit were used as checklists for 
the selected handling of external factors as described in the SR-Can Climate report / SKB 2006c/ and 
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the SR-Site Climate report, the SR-Can FHA report / SKB 2006e/ and the SR-Site FHA report, as 
well as for the establishment of SKB FEP’s for further consideration in the selection of scenarios. In 
this process, additional NEA Project FEP’s were omitted by the various experts involved and the reason 
for omitting each FEP was documented together with the handling of NEA Project FEP’s assessed as 
relevant. A common justification provided for not considering a NEA Project FEP, or an aspect of it, is 
that it is not relevant for a KBS-3 repository in Swedish crystalline rock, i.e. corresponding to the first 
screening criterion listed above. This documentation is included in the SKB FEP database, linked to 
the SR-Can and SR-Site FEP catalogues, and also as appendices in the FEP report, and is not further 
addressed here.

Since the SR-Site FEP catalogue, which is an update of the SR-Can version, is the compilation of 
FEP’s assessed as relevant for a KBS-3 repository located at Forsmark, the remainder of this section 
is devoted to verification of the legitimacy of omission of FEP’s included in the SR-Site FEP catalogue. 
FEP’s considered are processes relevant for the reference evolution, whereas methodology-FEP’s are 
excluded (see Section 3.3). 

In the following subsections, the process tables in Section 7.4 are revisited and the legitimacy of omis-
sion of all processes assigned as “not relevant” or “neglected” is verified in the light of the completed 
scenario and risk analysis. The verification of the omission of process FEP’s is restricted to the system 
components of primary concern for repository safety, i.e. the fuel, the canister, the buffer, the backfill 
and the geosphere. Process FEP’s for the remainder of the engineered barrier system are generally 
judged as of secondary importance for safety and are, therefore, not considered. In particular, the 
following considerations are identified as being of secondary importance.

•	 The	bottom	plate	in	the	deposition	holes	may	degrade	(Section	10.3.12),	but	the	impact	is	less	
than the impact from assuming spalling in the deposition hole and this effect is thus covered by 
the assessment assumption that spalling occurs in all deposition holes.

•	 Disintegration	of	tunnel	plugs	will	only	have	a	local	impact	around	the	plug.	As	assessed	in	
Section 10.3.12, there will be no effect on the backfill above the nearest deposition hole.

•	 The	only	function	of	the	closure	of	the	cavities	in	the	central	area	is	to	occupy	the	space	with	no	
other design premise than to prevent substantial convergence and subsidence of the surrounding 
rock. The only purposes of the backfill in the upper part of the ramp and shaft are to hinder 
unintentional intrusion into the repository and to keep the lower backfill in place. Both these 
areas are filled with crushed rock with an assumed high hydraulic conductivity.

•	 To	ensure	that	they	do	not	act	as	preferential	transport	paths,	a	number	of	investigation	boreholes,	
holes drilled both from the surface and from underground openings have to be sealed, at the closure 
of the deep repository. As concluded in Section 10.3.6, the impact of improper sealing of 
the boreholes is very moderate. Furthermore, according to the assessment presented in 
Section 10.3.14, the reference design of the borehole seals will perform as intended.

Climate FEP’s of importance to the safety of a geological repository are those affecting biosphere 
and geosphere conditions. Climate issues, corresponding to the climate FEP’s in the SR-Site FEP 
catalogue, and their impact on geosphere conditions as well as their handling in the assessment are 
documented in Chapter 3 in the Climate report. All these issues are considered in the assessment as 
well as couplings between them. One exception is the impact of surface denudation on the estimated 
depth of permafrost. However, as discussed in Section 6.1, surface denudation (erosion and weathering) 
of the host rock has been estimated to generally be limited to a few metres or less per glacial cycle for 
the Forsmark repository site and some tens of metres for 1 million years. This is of minor importance 
for repository safety considering that the assessment of permafrost depth (see Sections 10.4.1 and 
10.4.3) shows that freezing can be excluded at the repository level. No further treatment of climate 
issues of relevance to geosphere conditions is made here. 

Climate issues of relevance to biosphere conditions as well as biosphere processes are described 
and handled in the Biosphere process report / SKB 2010c/ and Ecosystem reports / Andersson 2010, 
Aquilonius	2010,	Löfgren	2010/.	These	are	not	further	addressed	here,	since	the	LDF’s	used	in	the	
assessment are bounding values over the full range of climatic conditions of relevance and high uti-
lisation of discharge areas has been assumed. Therefore, most biosphere FEP’s will tend to mitigate 
rather than augment assessed doses.
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14.4.2 Fuel 
According to Table 7-2, the following fuel processes are omitted from the assessment for parts or 
a whole glacial cycle:

•	 F3	Induced	fission	(criticality).
•	 F7	Structural	evolution	of	the	fuel	matrix	(failed	canister).
•	 F9	Residual	gas	radiolysis/acid	formation	(intact	canister).
•	 F10	Water	radiolysis	(except	for	fuel	dissolution).
•	 F15	Helium	production	(intact	canister).
•	 F16	Chemical	alteration	of	fuel	matrix	(failed	canister).

F3 Induced fission (criticality)
Acceptance criteria for encapsulation of fuel assemblies in canisters are defined to ensure that intact 
canisters are sub-critical (see Section 5.3.4). Furthermore, analyses of the potential for criticality in 
failed canisters as well as outside failed canisters indicate that this is highly unlikely (see Section 13.3). 
Therefore, omission of this process is considered justified as long as the acceptance criteria for fuel 
encapsulation are met.

F7 Structural evolution of the fuel matrix
Structural evolution of the fuel matrix due to radioactive decay, mainly alpha decay, could possibly 
affect the distribution of radionuclides in the fuel matrix. The main impact of this process would be 
on the segregation of fission products to the grain boundaries of the fuel matrix. However, reported 
results indicate that radiation-enhanced diffusion in the fuel matrix is too limited to have any effects 
in the timescale of interest in the safety assessment. Therefore, the judgement in the Fuel and canister 
process report is that this process is negligible for the fuel types and burnup relevant for SR-Site. 
There are no results of the complete scenario and risk analyses that challenge this neglect, although 
there are some uncertainties in the gap inventory for future BWR and PWR fuel with higher burnup 
than the fuel produced so far. However, the cautious handling of the instantly released fractions of 
the radionuclide inventory (Section 13.5.2) in the assessment calculations is judged to cover remaining 
uncertainties in this respect. No other coupling than to the instantly released fraction is identified as 
relevant for this process.

F9 Residual gas radiolysis/acid formation
There are restrictions on the maximum amount of water and air that the canister shall contain at 
sealing (Section 5.3.1). With these amounts of oxidants available, the depth of insert penetration by 
general corrosion is of the order of ten micrometres, see the Fuel and canister process report. In 
addition, the restrictions on water and air (nitrogen) content (more than 90% argon in the canister is 
required) should constrain the formation of corrosive gases, such as nitric and nitrous acids, implying 
that stress corrosion cracking of the insert is not likely, see the Fuel and canister process report and 
further Section 14.4.3. Since the restrictions on water and air content are considered to be fulfilled in 
the reference design, the legitimacy of omission of this process is considered verified. 

F10 Water radiolysis
Any water initially present in the canister, at most 600 g according to the design premises, is 
expected to be consumed by nitric acid formation or cast iron corrosion (see above). Radiolysis 
of water intruding into a failed canister will lead to the formation of oxidants and hydrogen. The 
contribution to hydrogen formation is negligibly small compared with hydrogen formation due to 
corrosion of the cast iron insert and therefore neglected, see the Fuel and canister process report. 
The formation of oxidants by radiolysis of water is considered in determining the range of fuel 
dissolution rates explored in the assessment.
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In the assessment calculations, it is assumed that the spent fuel is accessible to intruding groundwater 
once the copper shell has failed and no credit is taken for any transport resistances in the canister 
interior. These cautious assumptions thus implicitly cover effects of build-up of hydrogen gas that 
would mechanically impact the cast iron insert and the fuel assemblies and disregard any beneficial 
effects of build up of hydrogen that could counteract ingress of groundwater. These assumptions also 
justify the omission of the small contribution from radiolysis of water to hydrogen formation.

F15 Helium production
Helium is produced in the spent fuel due to alpha decay of actinides. This could lead to a pressure 
build-up inside the fuel rods, which, in turn, could lead to mechanical rupture of the rods. Based on 
estimates of the amount of helium that can be generated and the assumption that all generated helium 
is released to the canister interior, the pressure increase in the canister interior has been calculated 
and found to be considerably lower than the pressure external to the canister. Based on these results, 
reported in the Fuel and canister process report, the consequence of helium production for the 
mechanical stability of the canister is neglected. There is nothing in the completed scenario- and risk 
assessment that questions this neglect, since the reference design conforms to the design premises 
for the fuel and canister. Concerning the fuel rods, the assumption in the assessment calculations is 
that they all are ruptured and therefore provide no resistance to release or transport of radionuclides 
from the fuel once the canister has failed. Concerning the impact of helium build-up on the mechanical 
stability of the fuel matrix and thus the gap inventory, it is concluded in the Fuel and canister process 
report that there are no detrimental effects, but that there are remaining uncertainties on this point 
relating to future fuel with a potential higher burn-up level than produced so far. However, as stated 
above for FEP F7 Structural evolution of the fuel, the cautious handling of the instantly released 
fractions of the radionuclide inventory (Section 13.5.2) in the assessment calculations is judged to 
cover remaining uncertainties in this respect.

F16 Chemical alteration of the fuel matrix
Chemical alteration of the fuel matrix refers to the alteration of the uranium dioxide matrix through 
the formation of coffinite in contact with silica-rich groundwater in a failed canister. According to the 
Fuel and canister process report, this will most likely occur through a dissolution and re-precipitation 
process where radionuclides in the fuel matrix are released during dissolution of the uranium dioxide. 
Therefore, assuming that the dissolution rate of uranium dioxide is determining the release of matrix-
bound radionuclides in the assessment calculations should be appropriate even if this process is 
disregarded. 

14.4.3 Canister
According to Table 7-3, the following canister processes are omitted from the assessment for parts or 
a whole glacial cycle:

•	 C4	Deformation	of	copper	canister	from	external	pressure	(failed	canister).
•	 C5	Thermal	expansion	(both	cast	iron	insert	and	copper	canister).
•	 C7	Radiation	effects.
•	 C9	Galvanic	corrosion	(failed	canister).
•	 C10	Stress	corrosion	cracking	of	cast	iron	insert.
•	 C12	Stress	corrosion	cracking,	copper	canister.
•	 C13	Earth	currents	–	stray	current	corrosion.
•	 C14	Deposition	of	salts	on	canister	surface.

C4 Deformation of copper canister from external pressure (failed canister)
Deformation of a failed copper canister from external pressure, such as the groundwater pressure and 
the buffer swelling pressure, as well as the load from rock shear, is neglected in the assessment. The 
assessment results show that failure of a canister by corrosion requires that advective conditions prevail 
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in the buffer, i.e. the buffer is eroded. Therefore, pessimistic assumptions are made in the calculations 
of dose impact from a corrosion failure, implying that no transport resistance in the failed canister 
is accounted for (Section 13.5). In the consequence analyses of canister failure due to shear load 
(Section 13.6), the same pessimistic assumption concerning the state of the failed canister is made, 
i.e. that the failure is massive and, therefore, no transport resistance in the canister is accounted for. 
The assumptions made in the consequence calculations thus cover the effects of any subsequent 
deformation of a failed canister by external impact. 

C5 Thermal expansion (both cast iron insert and copper canister)
This process concern the effects of differences in thermal expansion of the copper canister and 
cast iron insert. During temperature decrease in the repository, the shrinking of the copper canister 
is larger than that of the iron insert, which causes tensile stresses in the copper. These effects are 
neglected based on calculations provided in the Fuel and canister process report showing that the 
change in tensile strain in the copper is negligible compared to the creep ductility of copper. This 
is valid for temperatures up to the maximum temperature expected in the canister materials given 
by the design criteria for maximum temperature in the buffer and the canister. Since these design 
premises are conformed to in the reference design, and also verified in the thermal analyses, see 
Section 10.3.4, the neglect of these effects is considered justified.

C7 Radiation effects
This process refers to changes in material properties of the cast iron insert and copper canister due 
to neutron and gamma radiation from the fuel. In order to avoid irradiation-induced hardening and 
embrittlement of the cast iron insert, a design premises is set on the upper limit on Cu content in 
the cast iron insert. Since this design premise is considered to be conformed to in the reference 
design of the canister with its content of fuel, the omission of these effects is justified.

C9 Galvanic corrosion (failed canister)
This process refers to the galvanic corrosion of the cast iron insert when the copper canister has 
failed. In the Fuel and canister process report, it is concluded that this process does not need any 
specific treatment since the influence of galvanic corrosion under oxygen-free, reducing conditions 
lies within the margins of error for the corrosion rate of the iron insert. Furthermore, no credit is taken 
for the cast iron insert either as a corrosion barrier or as providing any resistance to the release of 
radionuclides from a failed canister in the scenario- and risk assessment. Consequently, the omission 
of a specific treatment of galvanic corrosion of the cast iron insert is considered justified.

C10 Stress corrosion cracking of the cast iron insert
Stress corrosion cracking of the cast iron insert requires a combination of static tensile stresses, a cor-
rosive environment and a susceptibility of the material. In the Fuel and canister process report, stress 
corrosion cracking is considered as unlikely and even if it occurred it would have no consequences 
for stability of the insert. A corrosive environment can be established by the radiolysis of water and 
air in the canister. In order to prevent this, a design premise is set on the maximum allowable water 
(600 g) and air (nitrogen) content in the canister (see Sections 14.4.2, process F9, and 5.3.1). Since this 
design premise is considered to be conformed to in the reference design, the neglect of this process is 
considered justified.

C12 Stress corrosion cracking, copper canister
In the Fuel and canister process report, stress corrosion cracking of the copper canister is assessed as 
negligible due to the combined effect of very low expected (if any) concentrations of SCC promoting 
agents and the insufficient availability of oxidants. The chemical species that support SCC of copper 
are nitrite, ammonia and acetate ions. No further analyses of this have been made in SR-Site.
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C13 Earth currents – stray current corrosion
According to Section 3.5.6 of the Fuel and canister process report the effect of natural earth currents 
on canister corrosion can be neglected as it is unlikely that sufficiently large potential gradients can 
be maintained over the deposition hole to affect the copper corrosion as the electrical resistance of 
a fully saturated bentonite buffer and the rock surrounding the deposition hole is low. 

For the existing high voltage direct current (HVDC) cable at Forsmark, operated in monopolar mode, 
measured self potential gradients can be used to estimate the influence on copper canister corrosion 
of the installations. The self potential measurements in open boreholes may serve as a proxy for 
the case where the entire buffer is fully saturated, whereas packed-off boreholes correspondingly may 
serve as a proxy for the case with less saturated bentonite around the canister than above and below. 
The maximum potential difference over the 5 m long canister is in a pessimistic case suggested to be 
about 0.5 V, but a more realistic assumption is a typical potential difference over the canister of about 
0.05 V, which occasionally may increase up to 0.25 V. The present and possible future cable installa-
tions will, however, exist for only short times, compared to the total assessment time for SR-Site.

The corrosion of the canister in the presence of an external field would still be limited by the availability 
of groundwater constituents for either the cathodic reaction (oxygen), the anodic reaction (sulphide), 
or ions causing stress corrosion cracking (nitrite, ammonium, acetate). Cathodic reactions would also 
be counteracted by any present dissolved hydrogen gas. The external field would thus not increase 
the extent of corrosion in the assessment.

The effect of earth currents on canister corrosion can thus be neglected in the long-term perspective, 
based on the discussion presented above. No analyses, in addition to the ones presented in the Fuel 
and canister process report were considered necessary in relation to this issue.

C14 Deposition of salts on canister surface
According to the Fuel and canister process report, Section 3.5.7, it is possible that salts in the bentonite 
will be redistributed, enriched and deposited on the canister surface. The salts that may be of concern 
are chlorides and sulphates from the groundwater and sulphates and carbonates from the impurities 
in the bentonite. Of these, the chlorides are most important since the presence of high chloride con-
centrations may have an effect on the corrosion properties of copper. Sulphate and carbonate deposits 
are not electrically conductive, so they are not expected to increase the risk of pitting corrosion. An 
increase in the chloride concentration would, however, lower the susceptibility of copper to pitting 
corrosion, since it would favour general corrosion / King et al. 2010/. 

Section 12.6 demonstrates that the groundwater pH is always expected to be slightly alkaline. The 
water reaching the canister will be influenced by the reactions with the bentonite, but the pH would 
not be below 6, even for a groundwater pH of 6 (see Section 10.3.10), and the chloride concentration 
would not be changed to any large extent. A high chloride concentration will, consequently, not lead 
to increased general corrosion, and the extent of the corrosion will be determined by the amount of 
available oxygen (and sulphide). The process can thus be neglected.

14.4.4 Buffer
According to Table 7-4, the following buffer processes are omitted from the assessment for parts or 
a whole glacial cycle:

•	 Bu1	Radiation	attenuation/heat	generation	(intact	canister).
•	 Bu3	Freezing	(resaturation/thermal	phase	and	intact	canister).
•	 Bu6	Gas	transport/	dissolution	(gas	phase	transport)	(intact	canister).
•	 Bu9	Liquefaction	(intact	canister).
•	 Bu17	Iron-bentonite	interactions	(resaturation/thermal	phase	and	intact	canister).
•	 Bu19	Radiation-induced	transformations	(intact	canister).
•	 Bu20	Radiolysis	of	porewater	(intact	canister).
•	 Bu21	Microbial	processes	(unsaturated	conditions	and	intact	canister).
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In addition, processes related to radionuclide transport, e.g. diffusion, sorption, speciation and colloid 
transport are neglected for the excavation/operational period based on the assumption that no canister 
failure occurs over this period. This is confirmed by the analyses of the reference evolution for 
the excavation/operational phase as summarised in Section 10.2.7.

Bu1 Radiation attenuation/heat generation (intact canister)
Radiation attenuation and the resulting heat generation in the buffer is neglected in the Buffer, backfill 
and closure process report since quantifications have shown that the dose rate from an intact canister 
is too low to be of importance for the properties of the buffer (see processes Bu19 and Bu20 below). 
This is at least true if the dose rate is below 1 Gy/h, which is the limit stated as a design premise, see 
Section 5.4.1. Furthermore, the highest obtained radiation dose rate stated in the Spent fuel report is 
0.18 Gy/h. Therefore, the neglect of this process is considered justified.

Bu3 Freezing (resaturation/thermal phase and intact canister)
Freezing of the buffer is ruled out during the resaturation and thermal phase since this requires a 
temperature	of	–	4°C	at	repository	depth,	which	will	not	occur	during	this	phase	of	repository	evolution	
(or any later phase).

Bu6 Gas transport/ dissolution (intact canister)
As described in the Buffer, backfill and closure process report, any gas present in the buffer sur-
rounding an intact canister is expected to be dissolved in the buffer porewater. Air that is trapped in the 
buffer during resaturation of the buffer is considered in THM-modelling of the resaturation phase. 
As long as the copper canister is intact, there are no processes occurring in the canister or buffer that 
are expected to produce gases in such amounts that the solubility of the gas in the buffer porewater is 
exceeded. Radiolysis of porewater in the buffer can produce hydrogen and oxygen, but the radiation 
level outside the canister is too low for this process to produce significant amounts (see Bu20 below). 
Furthermore, oxidants are expected to be consumed by copper corrosion. Microbial processes may 
also lead to formation of gaseous species, but as long as the high swelling pressure in the buffer is 
maintained, microbial activity in the buffer is expected to be low.

Bu9 Liquefaction
A process that could affect the canister significantly is liquefaction of the buffer. According to the 
Buffer, backfill and closure process report, liquefaction is a process implying that a stiff material 
(e.g. soil) turns into liquid due to an effect with short duration, see e.g. / Lambe and Whitman 1969/. 
It may take place in a loose sand when the porewater pressure is increased either due to a vibration 
that makes the sand particles float in the porewater (since they tend to go into a higher degree of 
compaction, but the water temporarily prevents this) or due to a strong upward water flow that releases 
the effective stresses between the particles (quicksand). It may also take place in clay that has been 
settled in salty water (forming an open structure with a high water ratio). If the salt is partly washed out 
by fresh water, the clay structure cannot hold the high amount of water at moulding or when subject to 
vibrations, meaning that the structure collapses when exposed to vibrations.

These two types of liquefaction cannot take place in a bentonite with high density, since the effective 
stress that holds the clay together is high due to the swelling pressure. This conclusion was also made 
by / Pusch 2000b/. However, a similar phenomenon has been observed during compaction of 
bentonite blocks at very high water ratios. If the bentonite is compacted at a very high stress to a 
state where the bentonite is completely water saturated, all further increases in stress will be taken up 
by the water and the bentonite will behave like a liquid. This phenomenon has been observed during 
uniaxial compaction when liquid bentonite has squirted from the mould. 

The process requires a very strong impact of pressure and is rather unlikely to occur in a deposition 
hole. It can probably only result from an earthquake and requires a reduction in the volume of the 
deposition hole due to an increase in rock stress. A combination of factors may lead to an increase 
in rock stress of about 15 MPa / Bäckblom et al. 2004/. Estimation according to Kirsch / Brady and 
Brown 1994/ of the convergence of a deposition hole at such an increase in rock stress yields a 
convergence of the hole of about 1 mm. This is not sufficient for liquefaction to occur.
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Neither earthquakes nor high hydrostatic pressure during a glacial event are expected to lead to a loss 
in effective stress in the buffer sufficient for liquefaction (see also Section 10.4.8). 

Bu17 Iron-bentonite interaction
Reactions between metallic iron and montmorillonite in the buffer may lead to breakdown of the 
montmorillonite structure. As long as the copper canister is not breached, the iron insert will not be 
in contact with the bentonite buffer. Furthermore, the installation procedure of the buffer requires 
that the deposition hole is cleaned prior to the emplacement of bentonite blocks and pellets, see the 
Buffer production report, Section 5.4.3. Therefore, omitting this process for intact copper canisters 
is considered justified.

The scenario- and risk analysis shows that corrosion failure of the copper canister requires that advec-
tive conditions in the buffer have been established. In this case, the subsequent contact between the iron 
insert and the buffer is no longer significant, since the diffusion barrier is already lost. If canister failure 
occurs due to shear movements in a fracture intersecting the deposition hole, the buffer surrounding 
the canister will still be a diffusion barrier at the time of the shear failure. However, the analysis of a 
combination of the shear load and corrosion scenarios (Section 13.6) shows that both the retardation 
in the buffer and the limited solubility of the dose determining Ra-226, which requires an intact buffer, 
are of limited importance for the result. A loss of the buffer as a diffusion barrier subsequent to a shear 
failure of the canister is therefore not of significance for the dose impact, and the omission of a specific 
analysis of the consequences of iron-bentonite interaction is considered justified.

Bu19 Radiation-induced transformations
This process refers to the direct breakdown of montmorillonite in the buffer by radiation from the spent 
fuel in the canister. The process is neglected in the Buffer, backfill and closure process report for 
intact canisters based on experimental results that show no effect for absorbed dose rates from γ-radiation 
well above 1 Gy/hour. Consequently, as long as the copper canister is intact, the design requirement of 
1 Gy/h on the canister surface will ensure that the dose rate outside the canister is too low to have any 
effect on the buffer properties. 

If a canister fails, radionuclides that are released from the canister and sorbed in the buffer may expose 
the	montmorillonite	in	the	buffer	to	α-radiation.	Based	on	results	from	radionuclide	calculations	for	
the	safety	assessment	SR	97	/	SKB	1999a/	on	the	concentration	of	α-emitters	in	the	buffer	and	the	total	
dose they would give during one million years in case of an early canister failure, it is concluded in the 
Buffer, backfill and closure report that the consequences can be neglected. Considering that these 
results are for an early failure of the canister, which is not expected to occur, and that there is a large 
margin to absorbed dose rates where impact on buffer occurs, these results justify the omission of this 
process. Furthermore, corrosion failure in SR-Site implies that advective conditions are established 
in the buffer prior to failure and that no credit is taken for retardation in the buffer in the assessment 
calculations. Therefore any consequences of radiation-induced changes of buffer properties after 
corrosion failure of the canister are of no concern. This is also the case for canister failure due to shear 
movements in a fracture intersecting the deposition hole for the same reasons as given above for the 
potential consequences of iron-bentonite interactions (see Bu17).

Bu20 Radiolysis of porewater
Radiolysis	of	porewater	in	the	buffer	by	γ-radiation	penetrating	the	canister	leads	to	the	formation	
of oxidants and hydrogen. This process is of primary concern for the corrosion of the copper canister 
and is neglected in the Buffer, backfill and closure process report as well as in the Fuel and canister 
process report based on an estimate of the maximum possible amounts of oxidised copper that can 
be	produced	before	the	γ	dose	rate	has	substantially	declined	and	on	available	experimental	informa-
tion	that	shows	no	evidence	for	enhanced	corrosion	rates	caused	by	γ-radiation	(see	Section	10.3.13).

Bu21 Microbial processes (unsaturated conditions)
Microbial processes are neglected during the initial period of unsaturated conditions in the buffer. 
The reason for this is that the extent of aqueous reactions during this period is limited, see the Buffer, 
backfill and closure process report. This is further substantiated in Section 10.3.13, subtitle 
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“Corrosion during not fully saturated conditions”. While it is concluded that during saturation it 
cannot be excluded that conditions will be more favourable to microbial activity, even saturation 
times in the order of thousands of years are short in the assessment time perspective. Furthermore, 
only limited amounts of sulphide possibly formed in the backfill can reach the canister due to the 
limited transport capacity, and that this transport capacity would be lower in the unsaturated buffer 
than in the saturated. The phase of partly unsaturated conditions will thus not increase the maximum 
amount of sulphide reaching the canister. For corrosion processes bounded by mass balances of 
corrosive agents, there will be no addition from changed saturation conditions.

14.4.5 Backfill
According to Table 7-5, the following backfill processes are omitted from the assessment for parts 
or a whole glacial cycle:

•	 BfT2	Freezing	(resaturation/thermal	period,	intact	canister).

•	 BfT5	Gas	transport/	dissolution	(long	term	for	intact	canister,	failed	canister).

•	 BfT8	Liquefaction.

•	 BfT10	Diffusive	transport	of	species	(early	stage,	intact	canister).

•	 BfT11	Sorption	(including	ion-exchange)	(early	stage,	intact	canister).

•	 BfT13	Aqueous	speciation	and	reactions	(early	stage,	intact	canister).

•	 BfT17	Radiation-induced	transformations.

In addition, processes related to radionuclide transport, e.g. diffusion, sorption, speciation and colloid 
transport are neglected for the excavation/operational period based on the assumption that no canister 
failure occurs at this period. This is confirmed by the analyses of the reference evolution for the 
excavation/operational phase as summarised in Section 10.3.7.

BfT2 Freezing (resaturation/thermal period, intact canister)
Freezing of the backfill in deposition tunnels is ruled out during the resaturation and thermal phase 
since	this	requires	a	temperature	of	lower	than	–	2°C	at	repository	depth,	which	will	not	occur	during	
this phase of repository evolution.

BfT5 Gas transport/ dissolution (long term for intact canister, failed canister)
Corrosion of the cast iron insert in a failed canister would lead to the formation of hydrogen gas. 
This gas could potentially escape through the backfill in the deposition tunnel above the failed 
canister as could radionuclides in the gaseous phase released from the canister. This transport route 
for gas is neglected in the assessment because the impact on the saturation conditions in the backfill is 
assessed as small, see the Buffer, backfill and closure process report, Section 4.2.3. Furthermore, 
an instant transfer of the radionuclides in the gas phase to the biosphere after gas breakthrough 
through the bentonite is assumed. Neither the buffer nor the geosphere is expected to significantly 
delay the transport to the biosphere. Also, it is not certain that gas generated by corrosion of the iron 
insert will reach the tunnel. An alternative escape route is through fractures in the rock intersecting the 
deposition hole. This is related to FEP Ge4 and is further discussed in Section 14.4.6.

BfT8 Liquefaction
Liquefaction in the backfill is discarded using the same arguments as for the buffer, see Section 14.4.4, 
subheading “Bu9 Liquefaction”.

BfT10 Diffusive transport of species (early stage, intact canister)
Diffusion is suggested to be neglected in the Buffer, backfill and closure process report for the period 
before saturation of the backfill since advection is the dominating process during resaturation. However, 
the process is considered in the coupled hydrogeochemical analyses reported by / Sena et al. 2010/.
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BfT11 Sorption (including ion-exchange) (early stage, intact canister)
The argument in the Buffer, backfill and closure process report for neglecting sorption before 
saturation is that there are no continuous water paths available prior to water saturation of the backfill. 
However, the process is considered in the coupled hydrogeochemical analyses reported by / Sena 
et al. 2010/.

BfT13 Aqueous speciation and reactions (early stage, intact canister)
Aquous speciation and reactions are suggested to be neglected for the period prior to saturation since the 
geochemical processes are expected to be the same before and after saturation, see the Buffer, backfill 
and closure process report. However, consumption of oxygen by reactions with minerals in the backfill 
is addressed by / Sena et al. 2010/ as discussed in Section 10.2.5 also for the resaturation phase.

BfT17 Radiation-induced transformations
Radiation-induced transformations of the backfill are neglected in the Buffer, backfill and closure 
process report since the dose rate in the backfill is too low to have any effect. Since the dose rate 
in the buffer is too low to have any effect because the design premise on the maximum dose rate on 
the canister surface is conformed to (Section 14.4.4, FEP Bu19), it is considered verified also that 
the dose rate in the backfill, which is more shielded than the buffer, is too low to have any effect. 

14.4.6 Geosphere
According to Table 7-6, the following geosphere processes are omitted from the assessment for parts 
or a whole glacial cycle:

•	 Ge1	Heat	transport	(excavation/operational	period).
•	 Ge4	Gas	flow/dissolution.
•	 Ge6	Reactivation	–	displacement	along	existing	discontinuities	(excavation/operational	period).
•	 Ge8	Creep.
•	 Ge10	Erosion/sedimentation	in	fractures.
•	 Ge14	Reactions	groundwater/rock	matrix	(excavation/operational	period,	temperate-	and	

periglacial climate domains).
•	 Ge18	Colloid	processes.
•	 Ge20	Methane	hydrate	formation.
•	 Ge22	Radiation	effects	(rock	and	grout).
•	 Ge23	Earth	currents.

In addition, processes related to radionuclide transport, e.g. diffusion, sorption and speciation, are 
neglected for the excavation/operational period based on the assumption that no canister failure 
occurs during this period. This is confirmed by the analyses of the reference evolution for the 
excavation/operational phase as summarised in Section 10.2.7.

Ge1 Heat transport (excavation/operational period)
According to the Geosphere process report, Section 2.17, it is concluded that the thermal dimensioning 
of the repository neglects heat transport in the rock for the excavation/operational period in the sense 
that all canisters are assumed to be deposited simultaneously. This is based on calculations that show 
that the peak temperature in the buffer, which is the safety relevant issue (safety function indicator 
Buff4),	is	underestimated	by	less	than	0.2°C	if	simultaneous	canister	deposition	is	assumed,	compared	to	
a case where canisters are deposited in an orderly fashion (i.e. panel by panel) at a rate of 2 or 4 days 
per	canister	(Section	10.2.1	and	/	Hökmark	et	al.	2009/).	However,	as	discussed	in	Section	10.2.1	there	
are deposition sequences for which this simplification does not apply, but these could be avoided by 
proper management of the disposal sequence. Therefore, it is judged that the legitimacy of omission 
of the disposal sequence in the evaluation of heat transport and the buffer peak temperature is verified.
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Since the treatment of heat transport for the excavation/operational period is a simplification of the 
deposition sequence rather than an omission of the process, all relevant couplings to other processes 
are considered.

Ge4 Gas flow/ dissolution
According to the Geosphere process report, an unsaturated region may be induced in the vicinity 
of the tunnels and an unsaturated zone above the repository during repository pre-closure operations, 
but that these unsaturated zones only have a marginal effect on inflows to the tunnels. Therefore, details 
of gas flow and dissolution during the excavation and operational period is neglected and the effect 
of gas flow is taken into account in a simplified manner in the calculations of the resaturation of the 
tunnels after repository closure. 

Concerning repository generated gas, the main source is hydrogen produced by anaerobic corrosion 
of the cast iron insert in a failed canister. Calculations conducted for SR-Can / Hartley et al. 2006/ 
showed that gas generated in the repository and released through the buffer can rapidly escape through 
the geosphere without causing a pressure build-up. Based on this result and the small change in bed-
rock properties between the hydrogeological models in SR-Can and SR-Site, the impact on geosphere 
performance is neglected in the Geosphere process report. Substantial localised gas generation in the 
repository implies that a canister has failed so that corrosion of the iron insert can occur. The assess-
ment shows that failure by corrosion requires advective conditions in the buffer which in turn implies 
that the deposition hole is intersected by a highly transmissive fracture. Since there is no buffer to 
contain the gas, hydrogen formed will dissolve and be carried away by water flowing in the intersecting 
fracture. This supports the neglect of impact of gas flow in case of corrosion failure of a canister.

In the case of canister failure by shear movement, the buffer is still acting as a barrier and gas pressure 
build-up inside the buffer will have to occur before gas is released to the geosphere. In the assess-
ment, this scenario with build-up of gas pressure inside the buffer is addressed to analyse the dose 
consequences of the release of radionuclides in the gas phase (see Section 13.8). Since it cannot be 
excluded that the fracture causing the shear failure of the canister is transmissive or becomes trans-
missive after the shear movement, no credit is taken for any radionuclide retention in the geosphere 
in the analysis of the dose consequences in the shear failure scenario (Section 13.6) or in the scenario 
for release of radionuclides in the gas phase (13.8). Any potential impact of build-up of gas pressure 
or gas flow in the geosphere on the dose impact is then implicitly covered in the analyses and there 
is no need for a specific treatment of this process.

Ge6 Reactivation – displacement along existing discontinuities (excavation period)
Construction-induced seismicity is neglected based on an assessment in the Geosphere process report. 
It is concluded that in order for a fault slip larger than 0.05 m to be triggered by the excavation activities, 
an induced earthquake of approximately magnitude 5 is required. To host such an earthquake, the 
structure must have a rupture area exceeding a square kilometre. It is unlikely that such a structure 
would remain undetected after tunnel mapping, which makes it possible to avoid the structure during 
deposition. In addition, there is no evidence that present-day deviatoric stresses in Swedish bedrock at 
repository depth are sufficient to power seismic events of magnitude 5. Furthermore, the largest seismic 
events recorded in very deep mines in South Africa, for instance, where stresses are high and where 
the rate of excavation is much higher than it will be in the deep repository, are less than magnitude 5. 
In the light of the completed scenario- and risk assessment, there is no reason for modification of this 
conclusion.

Ge8 Creep
Creep along fractures and in intact rock is neglected in the Geosphere process report and is also 
discussed in Section 10.3.5. For the Forsmark fractures, creep displacements are likely to be insig-
nificant compared to displacements caused by the direct changes in load and pore pressure projected 
for the different phases of the assessment period. Concerning creep in intact rock, it is concluded in 
the Geosphere process report that this requires stresses that will be found only in small volumes 
of the rock around the walls of the openings. These effects are accounted for in the assessment of 
thermally-induced spalling. Therefore, the neglect of this process is considered justified.
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These conclusions are further justified by the assessment presented in Section 10.3.5. A recent study 
by / Damjanac and Fairhurst 2010/ assessing whether there is a lower bound to the long-term strength of 
rocks demonstrates that there is always a stress threshold for confined conditions, because confinement 
acts to suppress the tension stresses associated with crack growth. If spalling is encountered and a notch 
forms, the stress adjustments that can occur at the notch tip may cause additional time-dependent/creep 
deformations. The monitoring of the unconfined open notch in the APSE Experiment showed that the 
majority of the new displacements occurred in the existing notch / Andersson 2007/. When the spalled 
notch is confined, any time-dependent deformations are expected to be insignificant, compared to the 
deformations that formed the notch. It can also be noted that the effects of fracture creep, in terms of 
fracture displacement under constant shear load because of time-dependent material strength properties, 
can	be	estimated	using	the	modelling	approach	for	fracture	reactivation	described	in	/	Hökmark	et	al.	
2010/. Even if the strength is reduced to zero over the entire fracture plane, only very minor fracture 
displacements would occur. Creep deformation and related issues like “sub-critical crack growth” 
are, therefore, not further considered in SR-Site.

Ge10 Erosion/sedimentation in fractures
Erosion and sedimentation in fractures is neglected for the excavation/operational phase because 
high-transmissive fractures in the repository rock will be grouted and the flow rates in non-grouted 
fractures are expected to be too low to cause significant erosion. After closure of the repository, 
the hydraulic gradients during the temperate period will be so low that the potential for erosion is 
negligible. During glacial advance and retreat, the hydraulic gradient will dramatically increase, 
but the shear stresses will still be low. 

As noted in Section 10.4.8, / Birgersson et al. 2009/ found that the shear strength of MX-80 at a water 
ratio	of	100	(φ=0.0037)	for	sodium	concentration	of	10	and	100	mM	is	larger	than	5	Pa.	The	hydro-
geological modelling of the “expanding ice front” case in SR-Site shows that the calculated shear 
stresses are always below 5 Pa and much lower most of the time. It can thus be concluded that 
the loss of bentonite from shearing of particles can be neglected for all reasonable conditions.

Ge14 Reactions groundwater/rock matrix
Chemical reactions between groundwater and rock matrix minerals are neglected in the Geosphere 
process report since they are judged not to cause appreciable changes in groundwater composition 
or matrix porosity for the whole time period during which the function of the repository must be 
considered. The primary effects are expected to be caused by reactions between groundwater and 
fracture-filling minerals. This standpoint is based on observations of drillcores from the repository 
volume at Forsmark which show very little alteration of the rock matrix surrounding fractures (see 
also Section 4.4.4). These observations justify the neglect of reactions between groundwater and 
the rock matrix in comparison with reactions between groundwater and fracture filling minerals.

Ge18 Colloid processes
In the Geosphere process report, the impact of colloids on the geochemical conditions of the geosphere 
is judged as negligible. However, colloids may act as carriers for radionuclides. It is further noticed that 
the current salinities of the groundwater at Forsmark are higher than that required to keep the concentra-
tion of colloids suspended in groundwaters to a low level. During the excavation and operational phases, 
substantial amounts of colloids may be formed, but the colloid concentrations will quickly resume 
the natural values under the saline water conditions that will be re-established (see also Section 10.2.5). 
Since the assessment shows that no canister failures occur during this period, the neglect of colloid 
processes for the excavation and operational period is considered justified. 

Ge20 Methane hydrate formation
The potential for formation of methane hydrate during periglacial conditions at Forsmark is neglected 
in the Geosphere process report, Section 5.11, based on a modelling simulation. The conclusion 
from that study is that methane hydrate formation is unlikely at the methane concentrations and 
water salinities reported for Forsmark. This conclusion is also brought forward in Section 10.4.7, 
where estimates of maximum fluxes and production of methane are used to support this conclusion. 
Hence, the neglect of this process is considered justified.
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Ge22 Radiation effects (rock and grout)
Radiation effects on ground supporting material are ruled out in the Geosphere process report 
based on findings from the Yucca Mountain project. According to the Geosphere process report, 
Section 5.13.4 no degradation of the mechanical properties of cement have been observed for a 
fast neutron fluence as high as 8.2·1019 n/cm2, i.e. no change in dimension, weight, compressive 
strength, bending strength, or Young’s Modulus of cement paste due to irradiation alone. This neutron 
fluence can be compared with the highest obtained initial radiation dose rate stated in the Spent fuel 
report, and summarised in Section 5.3.4. The maximum flux is for a PWR element with a burn-up 
of 42.2 MWd/kgU after 34.1 years, and according to the specifications for the type canisters, the 
initial source strength of neutrons is 1.2·108 / s. Assuming all this flux to be concentrated on one cm2, 
without considering radioactive decay and the moderation due to the water in the bentonite and the 
rock it would take in the order of 1011 seconds, i.e. some thousands of years to reach these high fluence 
levels. In reality the neutron flux will be dispersed, decrease due to radioactive decay and it will also 
be absorbed, which implies that the omission of the process is clearly justified.

Ge23 Earth currents
The impact of earth currents, both natural and anthropogenically induced, are neglected in the 
Geosphere process report since expected electrical potential fields are too small to affect ground-
water flow or solute transport. There are a number of reasons behind this conclusion. The main ones 
are that the fields usually are weak or become weak at repository level for geometrical reasons and 
that most of the fields are alternating and the effects, therefore, are reversible. There is nothing in 
the light of the completed scenario- and risk analysis that questions the neglect of this impact of 
earth currents, see also Section 14.4.3, sub heading “C13 Earth currents – stray current corrosion”.

14.5 A brief account of the time period beyond one million years
For the time beyond one million years, no risk calculation is required. SSM’s General Recommendations 
related to SSMFS 2008:21 suggest that an account of the evolution of radiotoxicity may be the only 
meaningful way of illustrating the further development of the repository. Such an account is given in 
Figure 2-1 in Section 2.4. It is obvious from the figure that the radiotoxicity of the spent nuclear fuel 
decreases somewhat between 106 and 107 years. The radiotoxicity then stays constant for very long 
times beyond 107 years. The following is a brief, qualitative discussion of the development of the site 
for the time period beyond one million years, based essentially on general tectonic considerations 
and indications from natural analogues. 

Tectonics
Although geological processes are generally slow, the evolution of the site over a period larger than 
the one million year time frame is difficult to predict. The analysis in, for example, Section 10.4.5 
regarding earthquakes cannot readily be extended to larger timeframes without taking into account 
additional effects that are beyond the scope of SR-Site. For instance, although it can be assumed 
that the Fennoscandian shield will remain a tectonically stable craton with most of its deformation 
localised at its margins, it cannot be assumed that pattern and properties of the deformation zones 
and fractures within the site will remain sufficiently constant over this time frame for enabling an 
earthquake hazard assessment. The site is expected to experience substantial surface denudation but 
also, occasionally, be loaded by an unknown amount of sediments originating from the denudation of 
mountainous areas, imposing mechanical, thermal and chemical effects that could surpass the effects 
of repeated glaciations. 

On the other hand, the rocks, the ductile deformation and the brittle deformation zones at Forsmark 
all formed at least one billion years ago, and have experienced numerous episodes of burial, both 
by sediments and glaciations. The effects of such events have been extensively studied during site 
investigations and it appears as if the pattern of localised strains, manifested as deformation zones of 
various orientations, has remained fairly constant for much longer than 10 million years. It is reason-
able, therefore, to assume that essentially the same deformation zones will act as planes of weakness, 
thereby enabling release of accumulated stress in a manner similar to the past 10 million years or so. 
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It is also reasonable to assume that the fracture intensity will increase, but reach an unknown level of 
intensity saturation beyond which jostling (reactivation) of the blocks within the brittle upper crust 
will largely dominate over fragmentation (creation of new fractures). Due to the power law nature of 
fractures sizes, fractures able to host slip exceeding 5 cm will still be rare even if both the intensity 
and the mean fracture size are increased. 

Qualitative discussion of canister failures and releases
The above means that the probability of intersection of a fracture able to host slip exceeding 5 cm 
with an individual deposition hole will remain low even in the time beyond one million years from 
now, indicating that the extent of canister failures due to shear load would be limited also in a ten 
million year perspective. 

Likewise, if geochemical and flow conditions were, when averaged over very long time periods, 
similar to those today, the extent of canister failures due to corrosion would be limited to a few failed 
canisters, compared to, e.g. on average 0.12 at one million years for the central corrosion variant 
(Section 12.6.2). 

It is also noted that radioactive decay plays a minor role for the development of release curves beyond 
one million years since the dose dominating nuclides, in particular the mother nuclides of Ra-226, are 
very long-lived. Related to this, the scientific understanding of the fuel dissolution process suggests 
that the longevity of the spent fuel matrix is several million years in the repository environment (see 
Section 13.5.5).

Finally, the hypothetical case in Section 13.7.3, where all canisters are failed, where the buffer is absent 
and where retention in the rock is disregarded, yields releases that correspond to dose consequences 
that are comparable to the natural background radiation after one million years. The releases are in that 
case controlled by the flow at repository depth and the inventory of radio nuclides, the latter of which 
decreases with time. 

Indications from natural analogues
In the time beyond one million years from now, the radiotoxicity of the spent nuclear fuel in 
the repository will be comparable to a concentrated uranium deposit, as indicated in Figure 2-1, 
Section 2.4. The performance of the engineered barriers after one million years becomes increasingly 
uncertain. The further discussion regarding the evolution of the repository during the time beyond 
the one million years may, however, draw on existing knowledge of natural uranium ores and the 
behaviour of uranium in a geological environment. 

One undisputable fact that emerges from geological observation is the existence of uranium ores that 
are many millions and even billions of years old. Studies of, for example, Cigar Lake in Canada, 
reveals a uranium ore body found today at a depth of 450 m, which has persisted for 1,300 million 
years e.g. / Ruiz López et al. 2004, Miller et al. 2000/. There are today no geochemical indications of 
the Cigar Lake uranium ore body on the surface, indicating the possibility for a reducing, uranium 
rich environment with low hydraulic permeability to retain a majority of the elements associated 
with the ore for a time period well in excess of one million years. 

Pockets of rich uranium ore at Oklo (Gabon) reached critical mass nearly two billion years ago. The 
natural spent fuel which was formed during this criticality has, to a large extent, been retained in 
the deposit for the almost two billion years that followed / Gauthier-Lafaye et al. 1996/. This can be 
explained partly by the low mobility of uranium in a reducing environment, and partly by the rela-
tively stable geology of the area. This does not mean that there has been a complete lack of tectonic 
events; one example is an episode of regional extension, c. 860 million years ago, which caused the 
intrusion of mafic magma in the sedimentary basin which hosts the uranium. The magma cooled and 
solidified and is now found as a network of dolerite dykes in the area. One of these dykes, c. 20 m 
wide, is found cutting across the Oklo deposit. The intrusion and regional extension caused elevated 
heat and circulation of hydrothermal fluids that have affected the Oklo deposit. In spite of this event, 
and the solid-fluid interactions that were associated with it, the uraninite in the natural fossil fission 
reactors is remarkably well preserved and has even retained fission-related impurities within the 
uraninite grains / Evins et al. 2005/. 
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From the above, it seems clear that, in the case of stable tectonics and maintained reducing conditions 
in the repository, the uranium oxide which constitutes the fuel matrix can be stable for many millions 
of years. Another observation is that dissolution experiments in the laboratory yield faster dissolution 
rates than are estimated from observations of minerals in natural settings. This has been observed and 
discussed in the literature and may, in part, be explained by evolution of the surface of the dissolving 
mineral which occurs on a time scale that cannot be studied in a normal laboratory experiment / White 
and Brantley 2003/.

Further discussion regarding knowledge gained from natural analogue studies is found in the next 
Section 14.6. 

14.6 Natural analogues
Natural systems provide two things that cannot be achieved in the laboratory: The full complexity of 
the natural environment, and very long time scales. By making comparisons with natural systems in 
which some feature, event or process is deemed similar to what is expected in the repository system, 
the response of the repository to the natural environment in which it will evolve for such a long time 
can be assessed with better confidence.

There are different parts of the repository system – spent fuel, copper canister, bentonite buffer – for 
which comparisons with natural analogues have proven useful. Knowledge about many processes 
occurring in the geosphere, for example transport of uranium and other elements, has been enhanced 
by studies at natural analogue sites. 

14.6.1 The role of natural analogue studies in safety assessments
Since the concept of natural analogues first started to take form in the 1980’s / Chapman et al. 1984/, 
the relationship between natural analogue studies and safety assessments of high-level waste repositories 
has changed. The quantification necessary in a safety assessment is difficult to extract from the natural 
analogue studies; however, these studies have a significant qualitative value in that it can be shown 
that a feature or process does exist in nature and that it has persisted in a natural environment for a 
very long time. This is an important aspect, especially for raising public awareness and understanding. 
Much of what is needed in order to understand safety assessment falls outside the realm of common 
knowledge. Here, analogues and demonstration experiments can, to some extent, provide also 
the general public with insights into conditions and processes of importance for long-term safety. 
Material analogues, especially, have been useful for that purpose.

It is now clear that the two main reasons natural analogue studies are interesting, namely the exposure 
to natural complexity and long time scales, introduce uncertainties which render them difficult to use 
in a systematic safety analysis. For natural analogues, one limitation is often a lack of information 
about boundary conditions. The need for well known initial conditions for quantitative evaluations of 
effects of processes is one example of where difficulties arise. In addition, analogues are never perfect: 
The difference between an analogue and the actual component under investigation will always be 
a source of doubt. Therefore, most natural analogue studies do not lead to quantitative data that 
can be used in safety assessment models. However, in spite of these limitations, these studies have 
significantly enhanced the understanding of natural processes relevant to those considered in safety 
assessments. The role natural analogue studies play in identifying relevant processes, and also in 
verifying that all relevant processes have been incorporated in the models, is significant. Examples 
to illustrate this role are given by / Miller et al. 2000/. 

A different aspect of the natural analogue studies has been the opportunities these studies have 
provided to drive development of equipment and methods intended for investigation of repository 
sites. For the comprehensive studies of ore bodies, mainly uranium, site investigation methods 
had to be applied. In this case, the differences between individual analogues and typical repository 
sites present an opportunity rather than a difficulty. The differences make it possible to better test 
the methods used to interpret measurements of, for example, redox conditions in groundwater, pH, 
colloids, and microbial activity.
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Many studies of natural analogues have been performed as international projects. These projects 
have gathered scientists from different fields and contributed to discussions generating valuable 
critiques of the hypotheses being tested. Long-term safety, like science in general, ultimately rests 
on the combination of openness and critique.

The following is a short review of main outcomes from some of the analogue studies performed 
in the last three decades. These have been more extensively reviewed by / Miller et al. 2000/ and 
/ Ruiz López et al. 2004/. Preference has been given to the ones recognised as relevant to the KBS-3 
concept. Other groups of experts have also found these analogues to be of interest in this context 
/ Apted et al. 2009, pp 23–24, Bath and Hermansson 2009, pp 58–68, Neall et al. 2008, pp 35–42/.

14.6.2 Analogues of repository materials and processes affecting them
Natural materials and archaeological objects found in nature have been studied as analogues of 
repository materials. These materials have been subjected to the complex variety of natural processes 
for different amounts of time, and what we see today is the result of this “natural experiment”.

Spent nuclear fuel
The natural mineral uraninite (uranium dioxide) has many similarities with UO2-based spent nuclear 
fuel. These materials are uranium oxides with same crystallographic structure (fluorite structure), 
they form solid solutions with oxides of Th, Ca and REE, they are resistant to radiation damage 
(self-annealing), and they are similarly affected by oxidation / Janeczek et al. 1996/. However, this 
does not mean that these materials are identical – there are many important differences. Examples of 
major differences are the amount of oxidized uranium, which is higher in uraninite, and the amount of 
radiogenic Pb, which can be almost 20 wt% PbO in 2 billion year old uraninite, but is very low in 
spent nuclear fuel even after 10,000 years (0.00014 wt% Pb / Janeczek et al. 1996/). 

Many natural analogue sites, for example Oklo (Gabon), Cigar Lake (Canada), Poços de Caldas 
(Brazil) and Palmottu (Finland), are centred on uranium deposits which formed many millions 
of years ago. The sites have been chosen partly due to the opportunity they provide to study how 
uraninite, as an analogue to spent nuclear fuel, behaves in different geological environments. 

At Cigar Lake, the ore body is found at c. 450 m depth in a reducing environment, and dissolution 
of uranium oxide in the ore has been extensively discussed / Bruno et al. 1997/. However, in spite of 
the reducing environment, the oxidation state of uraninite is somewhat higher in Cigar Lake uraninite 
than in uranium dioxide in spent fuel, which makes it difficult to draw parallels to dissolution of 
spent nuclear fuel in the KBS-3 repository. However, it is noteworthy that all natural processes that 
have affected this ore body since its formation, c. 1,300 million years ago, have not resulted in any 
geochemical indications of its existence at the ground surface.

Another feature of importance for spent fuel dissolution that has been studied in Cigar Lake is radiolysis. 
Ionising radiation causes chemical reactions and the total energy deposited by radioactive decay is 
considerable. Therefore, early pessimistic evaluations of this effect on spent fuel dissolution tended 
to be grossly exaggerated. Observations of ferric iron precipitations in the clay nearest to the ore in 
Cigar Lake were, to begin with, interpreted as a result of oxidation by radiolysis. However, it could be 
demonstrated that the likely origin was hydrothermal alterations during ore formation. This and other 
observations stimulated the development of more realistic models / Smellie and Karlsson 1996/. 

As stated before, natural uraninite contains elements other than uranium and oxygen, for example Th 
and REE. Many of these elements also form in the nuclear fuel during reactor operation, or they can 
function as so-called “chemical analogues” for the elements in spent fuel. These chemical analogues 
are abundant in the Poços de Caldas ore deposits, and played an important role in the natural analogue 
studies performed at this site / Chapman et al. 1993/. 

The most striking natural analogue of spent nuclear fuel is the uraninite in the 2 billion year old 
Oklo natural fossil fission reactors, which is, in fact, a natural spent nuclear fuel / Neuilly et al. 1972, 
Naudet 1991, Gauthier-Lafaye et al. 1996/. These fossil reactors are found in a uranium ore bearing 
formation in Gabon, western Africa, where they form reactor zones shaped by nuclear criticality. 
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Some sixteen of these reactor zones were discovered in the mines at Oklo, at nearby Okélobondo 
and during prospecting in Bangombé, which is situated about 20 kilometres to the south. The nuclear 
reactions occurred some 2,000 million years ago when the U-235 content was still high enough 
for a sustained nuclear fission reaction. Geological studies involving Precambrian rocks elsewhere 
have failed to locate any sign of a similar fossil reactor. This is likely due to the many coincidences 
that allowed nuclear chain reactions to start naturally: High uranium concentration, the right isotopic 
composition of uranium, the presence of a neutron moderator (water) due to high porosity, and the 
unusually low abundance of neutron poisons (e.g. vanadium and manganese), which capture neutrons 
/ Naudet 1991/. In addition, the sedimentary formation that hosts these natural reactors is essentially 
unaffected by tectonic processes, despite 2 billion years of existence. 

The Oklo uraninite and spent nuclear fuel have many striking similarities, but also important differences. 
These differences stem partly from the very different operating histories of the natural reactors and 
man-made power producing reactors. The nuclear reactions in Oklo uraninite proceeded at a very 
low rate and at low power, intermittently for some hundreds of thousands of years / Naudet 1991/. 
Spent fuel from power producing reactors has a much more intense thermal history, a higher burn-up 
and contains higher concentrations of fission products. Another notable difference is the presence of 
hydrocarbons in Oklo which might have helped to keep the conditions reducing.

Knowledge regarding the requirements for criticality at Oklo was used in the evaluation of the pos-
sibility of achieving criticality in a spent fuel repository. There is still fissile material left in the spent 
fuel. A model based on Oklo conditions was therefore applied to the KBS-3 repository case / Oversby 
1998/. The result was negative in so far that no criticality was to be expected in the repository.

One aspect which makes Oklo uraninite unique among analogues for spent nuclear fuel is that reactor 
zone uraninite contains elements formed during the fission reactions (fission products). The reactor 
zones are also remarkably well preserved considering their age, so that few of the components have 
been lost to mass transport which would otherwise have complicated the evaluation of the nuclear 
reactions. For example, rare earth elements generated by fission are well preserved and contained in 
the uraninite, but volatile elements such as Cs have been lost. Analogues of the metallic aggregates, 
in	spent	nuclear	fuel	called	ε-particles,	are	also	found	in	the	Oklo	reactor	zones.	In	spent	nuclear	fuel	
these	~1	μm	sized	ε-particles	consist	of	alloys	of	Mo,	Tc,	Ru,	Rh,	and	Pd.	There	are	also	observations	
of the fission product Te associated with these particles / Cui et al. 2004/. In the Oklo reactors, similar 
segregations of metallic fission products also occur, as evidenced by records of Ru-, Pd- and Pb-  
containing	particles	/	Gauthier-Lafaye	et	al.	1996/.	These	particles	are	up	to	~100	μm	diameter	and	
are not metallic alloys but are aggregates of different sulphide phases. Interestingly these aggre-
gates are also associated with Te and Se, illustrating the chemical affinity between the noble metals 
and these chalcogenic metalloids. 

Cast iron 
A waterlogged archeological site at Nydam Mose in Denmark contains buried iron objects of military 
equipment, sacrificed in the period 200–500 AD. Here, siderite was identified as a main corrosion 
product, which indicates an oxygen-free, carbonate-rich (10−2 M) corrosion environment / Matthiesen 
et	al.	2003,	2004/.	The	estimated	corrosion	rates	range	from	an	upper	limit	of	5	μm/year	down	to	
0.03	μm/year	or	less.	The	average	corrosion	rate	for	151	analysed	lances	is	about	0.2	μm/year.	

Corrosion of archeological cast iron artefacts has been studied by / Neff et al. 2003, 2005/, who 
analysed the corrosion products on artefacts from the 2nd century AD to the 16th century AD. Also 
low carbon steel objects, buried for long periods / Neff et al. 2006/, were analysed to determine the 
average corrosion rate. The presence of oxygen in the corrosion process was indicated by the cor-
rosion products. It was found that the measured or estimated corrosion rates varied over a relatively 
large	range,	but	that	the	estimated	average	corrosion	rates	do	not	exceed	4	μm/year.

Copper
Finds of native copper in geochemical environments relevant to repository conditions are illustrative 
examples of the long-term stability of copper canisters. Ore bodies containing native copper have 
therefore been investigated and particularly the processes corroding or potentially corroding copper. 
Archaeological copper objects have been used for the same purpose / Johnson and Francis 1980, 
Miller et al. 2000/. 
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The world’s largest deposit of native copper occurred on the Keweenaw Peninsula in Northern 
Michigan, USA. The native copper lodes, which are associated with conglomerate sediments interbed-
ded in the host basalt, formed about 1.1 billion years ago / Brown 2006/. About five million tonnes of 
native copper has reportedly been mined / Johnson and Francis 1980/. Some native copper has been 
transported by glaciers from primary copper deposits in upper Michigan, like Keweenaw Peninsula. 
Sizes ranges from small pebbles to blocks of more than one tonne, such as the famous Ontonagon 
copper boulder. This is referred to as “float copper”. Well preserved pieces of float copper have been 
found in banks of sand and gravel left by the glaciers. Two such pieces with evidence of glacial abra-
sion were investigated / Johnson and Francis 1980/. The last glacier receded 8,000 to 11,000 years ago. 
Still, the pieces are well preserved with relatively thin layers of corrosion products identified as cuprite 
(Cu2O) and malachite (Cu2CO3(OH)2). The abraded areas had a maximum oxide thickness of only 
0.6 mm. One of the pieces was reportedly found at less than a metre depth (about two feet). 

The Hyrkkölä copper-uranium mineralisation in Finland is situated in a geologic setting similar to the 
sites considered for disposal of spent nuclear fuel in Finland and Sweden. Native copper and uraninite 
in	Hyrkkölä	are	hosted	in	granite	pegmatite	veins.	The	age	of	the	mineralisations	is	estimated	to	about	
1,700 million years. Native copper together with copper sulphide and secondary uranium minerals 
occur in open fractures at several depth intervals in these pegmatites. One interval with altered granite 
pegmatite contains native copper together with cupric oxide and the fracture surfaces were coated with 
smectite with adsorbed uranium and copper / Marcos et al. 1999/. Investigations have been made by 
core drilling down to depths of about one hundred metres. Groundwater compositions related to the 
mineralised	fractures	were	analysed	using	the	SKB	mobile	field	laboratory.	Native	copper	in	Hyrkkölä	
has evidently persisted despite exposure to sulphide-containing water as well as current oxidising 
conditions. Uranium series studies corroborate the exposure to groundwater and indicate together with 
other observations that sulphidisation ceased a few hundred thousand years ago to be later replaced 
by oxidation. Native copper grains as large as one millimetre were found with thin rims of cuprite. 
Some of the smallest grains were totally oxidised. Some well preserved grains of native copper were 
found embedded in smectite / Marcos et al. 1999/.

Native	copper	in	Hyrkkölä	is	one	of	many	examples	where	copper	found	in	nature	has	survived	
geochemical conditions similar to those expected in a repository for geologic time periods / Marcos 
1989/. However, native copper deposits in general are mainly associated with basalts, such as the 
Keweenaw Peninsula case, or supergene weathering of copper sulphide deposits / Amcoff 1998/. 
Hyrkkölä	is	valuable	in	comparison	because	the	geochemical	setting	is	so	close	to	that	of	a	potential	
repository in Finland or Sweden.

Sheets of native copper, about 1–2 millimetres thick and up to more than ten centimetres across, 
have been found in outcrops of Permian mudstone at Littleham Cove in the UK / Milodowski et al. 
2002/. Apart from some signs of corrosion the copper is remarkably well preserved despite the indi-
cated age of more than 176 million years. The copper sheets are associated with uranium containing 
nodules, formed within a halo caused by contemporaneous reduction of ferric iron in the mudstone. 
These uraniferous concretions and the native copper were formed early, before compaction of the 
mudstone, by mineral deposition from fluids. Then, for most of their history, the mudstone host rocks 
have been well below the present water table and remained saturated with water. Both the native 
copper and the uranium nodules have been evaluated as analogues to spent fuel disposal in copper 
canisters buried in compacted clay / Milodowski et al. 2002/. 

At Littleham Cove, copper precipitated along bedding lamina and thin fractures in the mudstone. A 
narrow, less than a millimetre, diffusive halo of copper has been measured in the mudstone next to 
the copper. This could be the result of either enhancement during formation or loss of copper later. 
Either way it indicates that diffusion occurred over distances of only a few hundreds of micrometres. 
Some early partial alteration to cuprite has been identified but, apart from that, the native copper 
remained relatively inert until the sequence was uplifted and exposed to surface erosion and oxida-
tive weathering in the present-day environment. The radioactivity of the uraniumcontaining nodules 
has been used for evaluation of the effects of radiolysis. Methods used to calculate the production of 
hydrogen peroxide due to radiolysis of water by alpha particles from spent nuclear fuel were applied 
to a typical nodule. The calculated maximum production of peroxide was enough to oxidise over 
a gram of pyrite. However, there were no observations or measurements to indicate that radiolysis 
had been a significant process for inducing oxidation of ferrous iron or other reduced species in the 
water-saturated clay matrix of the mudstone / Milodowski et al. 2002/. 
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The man-of-war Kronan exploded and sank south east of Öland in 1676, and its cannons scattered on 
the sea floor. One cannon made of bronze was chosen for investigations of corrosion. It was almost 
entirely buried, near vertically with its muzzle down in shallow marine clay. The copper content of 
the bronze was as high as 96.3% and the surrounding relatively compact marine clay consisted partly 
of montmorillonite / Hallberg et al. 1988/. Known boundary conditions such as age of the burial and 
the composition of the environment made it valuable as an analogue for a copper canister in a saturated 
clay buffer, despite the comparatively short time of burial. The surface of the cannon was analysed 
together with the surrounding clay. Cuprite (Cu2O) and some malachite (Cu2CO3(OH)2) were found 
on the surface, and slag inclusions of tenorite (CuO) in the bronze matrix below the surface. Diffusion 
of copper was traced four centimetres into the clay. The slag inclusions, and the fact that the cannon 
must have been covered with a layer of corrosion products before the ship sank, complicated the 
investigation. The facts at hand were carefully evaluated and a maximum corrosion of less than ten 
micrometres per hundred years was reported / Hallberg et al. 1988/.

This study was later revisited and reassessed with reference to a corrosion mechanism developed for 
copper nuclear waste containers in a Canadian concept / King 1995/. This mechanism included the 
formation of soluble copper species and the so called disproportionation reaction. The latter implies 
that divalent copper, for example from the tenorite slag inclusions, together with copper metal produces 
monovalent copper. The developed mechanism was able to satisfactorily explain the earlier reported 
observations and refine the conclusions / King 1995/.

Three lightning conductor plates, located at separate places in middle and southern Sweden, were 
excavated after having spent more than fifty years in the ground / Hallberg et al. 1984/. The three 
plates had been buried at depths ranging from 1.2 to 3.3 metres in soil of clay and/or silt. The corro-
sion of the plates was studied in relation to the chemical properties of the soil. Two of the plates were 
affected by pitting corrosion with a pitting factor of five, while the third and deepest plate showed 
no such signs. Copper oxides were found on the two former plates and copper sulphides on the latter. 
Copper water pipes also provided useful information about pitting. 

Later evaluations of copper canister corrosion regarding pitting have had more benefit of experiments 
and theoretical considerations which were previously not available / King et al. 2010, Section 5.3/.

Bentonite
Bentonite clay used in the buffer and backfill are usually taken from natural deposits with very little 
further processing, apart from drying, crushing and sieving. The deposits themselves and other 
occurrences of bentonite in different geological settings have been studied as analogues for buffer 
and backfill in a repository. Processes of interest are, for example, thermal and chemical influences, 
resistance to hydraulic flow and diffusion of dissolved substances.

Alteration of smectite to illite (illitization) is the most common transformation of smectite observed in 
natural sediments, and it has been reproduced under laboratory conditions. One of the requirements 
for illite to form is availability of potassium. Potassium is found both dissolved in groundwater and 
in rock-forming minerals. For kinetic considerations relating to smectite-illite alteration, the initial 
potassium concentration in groundwater and the dissolution rate of surrounding potassium-bearing 
minerals are of importance. Any other mineral formation that may compete with illite for the potassium 
may also be important. 

The conditions for transformation of smectite to illite have been investigated in deep wells in 
sedimentary basins / Velde and Vasseur 1992/. These studies of illitization in natural systems are 
not connected to any specific natural analogue site but have instead been performed in a variety of 
sedimentary basins in order to better describe the time and temperature relations of smectite-illite 
mineral changes. Samples from wells from the Texas Gulf Coast (USA), the Niigata basin (Japan), 
Los Angeles basin (USA), and the Paris Basin (France) were studied by / Velde and Vasseur 1992/. 
These wells, drilled in sedimentary basins of varying age (4.5 to 210 Ma), provide data on an almost 
complete burial sequence. The resulting model shows that the reaction rate at repository relevant 
temperatures is very slow in relation to the timescale considered for a repository (~1 Ma). 

Thermal effects on bentonite have been studied at Kinnekulle in Sweden, where a two m thick bed of 
bentonite clay formed from volcanic ash deposits c. 450 million years ago. Samples from the benton-
ite clay, situated about 95 metres below a cap of a c. 300 million year old diabase, were investigated 
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/ Pusch et al. 1998/. The diabase formed when molten lava penetrated laterally into the sediment 
series. This magmatic event exposed the sediments to heat that reached down to the bentonite layers. 
The bentonite layers at Kinnekulle have been known for some time and they were studied early as 
analogues to compacted bentonite clay buffers to test current understanding of heat effects / Pusch 
1983/. These early studies were later supplemented by investigations of samples from Gotland and 
Sardinia where episodes of lava flows have likewise heated smectite clay minerals but with different 
time-temperature profiles / Pusch and Karnland 1988/. 

Due to the magmatic intrusion, the centre of the bentonite layer reached a peak temperature of 
140ºC after about 200 years, stayed above 100ºC for another 600 years and slowly decreased towards 
ambient for more than one thousand years / Pusch et al. 1998/. Cementation of the clay by silica (SiO2) 
and occurrence of the clay mineral illite have been interpreted as caused by the heating. Both of these 
processes, cementation by precipitation of silica and production of illite from smectite, can lower the 
swelling capacity of bentonite which is essential for its function as a buffer. Early observations / Pusch 
1983, Pusch and Karnland 1988/ confirmed the view that compacted bentonite will retain its swelling 
capacity providing the heat pulse is limited in temperature and time, and provided that the geochemical 
environment is not aggressive to smectite in any other aspect. Later investigations of Kinnekulle used 
a simplified one-dimensional diffusion-reaction model to simulate the observed development of the 
clay / Pusch et al. 1998/. Sea water composition was assumed and two different options for the reaction 
were tested: Solid state conversion of smectite to illite versus dissolution of smectite followed by 
precipitation of illite. The second option was the better one and an even better agreement was reached 
by assuming that illite formation is non-reversible. Potassium, as expected, proved to be an essential 
component for the production of illite. Silica produced by the reaction was, according to the calcula-
tions, consumed by diffusion into the surrounding sediments and precipitation of quartz. 

A number of bentonite deposits in the Cabo de Gata region in Almería, Spain, were selected for sam-
pling and studies of different long-term buffer aspects (Barra project) / Villar et al. 2006/. After a first 
phase, the studies were narrowed to three deposits and two processes: Morrón de Mateo for thermal 
effects; Cala del Tomate and Cortijo de Archidona for the effect of salinity. The thermal effect in 
Morrón de Mateo had been caused by a volcanic dome. Bentonite near the volcano was shown to be 
iron- and magnesium-rich smectite compared to normal aluminium smectite in more distant samples, 
but properties such as cation exchange capacity and specific surface were found to be the same. The 
presence of iron and magnesium in the smectite mineral structure was explained as due to a reaction 
of smectites with contaminants present near the volcanic dome at moderate temperatures (below 100ºC). 
Conditions may not have been extreme enough to transform the smectite to other minerals. The bentonite 
clays at Cala del Tomate and Cortijo de Archidona have evidently experienced changes in water 
composition. Sodium and magnesium are the dominating exchangeable cations in smectites at depth in 
Cala del Tomate as compared to magnesium and calcium near the surface. Observations from Cortijo 
de Archidona indicate a sea water intrusion later followed by infiltration of meteoric water, rich in 
calcium and magnesium. The ionic strength of porewater had varied between 0.02 and 0.23 moles per 
litre but the clay minerals had seemingly remained stable.

In Wyoming, USA, bentonite was formed by alteration of volcano ashes that fell over the shallow, 
now relict, Mowry Sea. The ashes formed thin but widespread layers on the sea floor and were sub-
sequently altered to bentonite / Smellie 2001/. These bentonite layers were formed about 100 million 
years ago and their remains are mined in some locations for their content of high grade sodium bentonite. 
The brand MX-80 has long been used by SKB as reference buffer material. Scientific studies support 
the view that the bentonite formed under shallow, brackish and partially reducing conditions, and that 
no further alteration occurred. However, isolation by subsequent depositions of mud and silt may have 
served to protect the bentonite clay. Consequently, it was not possible to address the question of what 
would happen under conditions more open to saline groundwater.

The protective and preserving potential of a clay buffer is demonstrated by clay deposits in Dunarobba, 
Italy, which contain a fossil forest / Valentini et al. 1997/. Tree trunks were identified as Taxodioxylon 
gypsaceum which became extinct during the Plioscene indicating that they have been preserved 
by the clay deposits for more than one million years. The deposit hosting the trees was regarded 
as dense, consolidated clay with some cementation by calcium carbonate (hydraulic conductivity 
less than 2·10–10 m/s and yield pressure 1.5–9 MPa). The original cover was supposedly 80 metres 
before erosion took place. The tree wood is remarkably well preserved. Very little alteration has 
taken place and the material is still in all aspects wood, with a cellulose content not far from modern 
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wood. Evaluation of the site suggested that the clay formation had acted on a local scale to protect 
the fossil trees from unsuitable conditions. The low hydraulic conductivity of the clay has prevented 
the ingress of oxygenated water which could otherwise have caused aerobic decomposition of the 
wood. More surprisingly the clay seems to have protected from anaerobic decomposition as well. 
Anaerobic bacteria are known to decompose organic and in particular cellulosic material. It is also 
known from archaeological excavations that clay can help to preserve such materials where condi-
tions are generally anaerobic, for example in lake sediments. The Dunarobba fossil forest is in line 
with these examples but more striking due to its great age. The usual assumption in safety assessments 
of radioactive waste disposal, that organic material will always become degraded by anaerobic 
bacteria, which thereby generate gas, is probably pessimistic in many cases where clay is used as 
buffer and backfill. One possible explanation as to why the clay so efficiently has hindered anaerobic 
degradation is that essential nutrients were kept out by the clay / Valentini et al. 1997, p 216/.

At the Cigar Lake uranium deposit, in Canada, clay (mainly illite and kaolinite) surrounds the uranium 
ore body. The ore is situated at c. 450 m depth and the ore cannot be geochemically detected on the 
surface. This isolation of the ore, and the elements related to it, for many millions of years, is partly 
due to the low hydraulic permeability of the surrounding clay / Cramer and Smellie 1994/. Results from 
the Cigar Lake studies also illustrate the colloid filtering capacity of clay / Vilks, pp 219–241 in Cramer 
and Smellie 1994/. Sorption of radionuclides on sheet silicates, mainly chlorite and illite, in the natural 
fission reactor zones at Oklo, have also been shown to have played an important role in limiting the 
dispersion of these elements around the reactor zones / Bros et al. 2003/. 

14.6.3 Transport and retardation processes in the geosphere
Scientific investigations aimed at enhancing our knowledge about transport and retardation of 
radionuclides in the geosphere is based on studies of the geochemical behaviour of these elements 
(or their chemical analogues). 

Subsurface conditions
The uranium ore zone at Lake Palmottu in Finland forms a steeply dipping zone that extends down to 
a depth of about 300 metres. Geology, hydrogeology, groundwater chemistry, climate, and landscape 
are similar to those of investigated potential repository sites in Finland and Sweden. It was therefore 
investigated as an analogue for disposal of spent fuel in crystalline rock / Blomqvist et al. 2000/. At 
Palmottu, the conditions at depth are generally oxygen-free and reducing, whereas oxidising ground-
water conditions were typically encountered in the topmost 100 metres. Reducing conditions at depth 
are also found at Forsmark. The 1,700 million year old uranium deposit at Palmottu has experienced 
several periods of glaciations, which may have temporarily subjected the ore to oxidising conditions; 
however, if so, reducing conditions were efficiently restored. Despite the low grade of ore (0.1%), 
uranium was found to be abundant enough to be an additional sink for reduction of infiltrating oxygen. 
The observations in Palmottu illustrate the capacity of the rock to remain stable and maintain reducing 
conditions despite a long geologic history including periods of permafrost and glaciations. 

Freezing conditions, causing salt exclusion, may have caused the unusual groundwater chemistry 
observed at Palmutto, with elevated sodium and sulfate. Freezing and subsequent dissolution of 
NaSO4 minerals may lie behind this; however, this is still an open question/Blomqvist et al. 2000/. 
Another aspect of subsurface conditions during permafrost and glaciations is the possible formation 
of methane gas hydrates. This has been studied mainly in Canada, where gas-hydrate bearing core 
samples were collected from the sediments in the present natural permafrost environment of the 
Mallik sea, Canada, e.g. / Clark et al. 1999/. Gas hydrates were also one aspect of the studies at the 
Lupin Mine, Canada; no methane hydrates were found during the studies, but there are indications 
of their presence in the past / Stotler et al. 2009a/. The studies of natural permafrost environments 
support the conclusion that hydrate formation is unlikely at expected repository conditions.

Reducing conditions are prevailing at Cigar Lake in Canada, where a 1,300 million year old uranium 
deposit is situated at c. 450 m depth. The uraninite at Cigar Lake has interacted with groundwater at 
different times in the geological history of the ore, as is evidenced by oxygen isotopic composition 
as well as the presence of secondary uranium minerals; however, the conditions were still such that 
this has caused only minor disturbances to the uraninite chemical composition and texture, and 
limited actinide migration / Fayek et al. 2002/.
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Surface weathering processes and groundwater conditions at shallow depth are affecting the Bangombé 
natural fission reactor zone in Gabon. The Bangombé reactor is located at 12 m depth in a subtropical, 
variably oxidizing environment. Thus, the effects of such groundwater conditions on the reac-
tor zone have been studied. The groundwater redox potential at Bangombé was found to be more 
sensitive to lithological variations than to depth and confinement. The interaction between reactor 
zone and oxygen-rich groundwater has been in progress for at least c. 70,000 years (and probably 
much longer), as evidenced by the age of the secondary uranyl-mineral torbernite encountered at 
Bangombé / Gauthier Lafaye et al. 2000/. The concentration of colloids in the Bangombé groundwa-
ter was found to be low (less than 0.3 ppm), in spite of the dynamic subtropical conditions / Gauthier 
Lafaye et al. 2000, pp 55–56/.

Radionuclide transport and retardation
One important aspect of natural analogue projects is investigation of geochemical behaviour and 
geochemical reactions of elements of interest for nuclear waste disposal. This was a significant part 
of the studies at the Poços de Caldas natural analogue site in Brazil / Chapman et al. 1993/. In this 
project, it was shown that the redox front played a significant role in retarding many trace elements, 
even those considered non-redox sensitive. In this study, colloids were not found to contribute to 
the transport; rather it was shown that particulate material and colloids in deep groundwater were 
immobile. Microbes in the system at Poços de Caldas were found to catalyse specific redox reactions, 
thereby affecting the redox front. Results of the Poços de Caldas project indicate that large-scale, 
rapid transport of radionuclides and trace elements has not occurred at this site / Chapman et al. 1993/.

The Cigar Lake studies indicate a similar absence of large-scale transport since there are no geochemi-
cal indications of the 1,300 million year old uranium ore body on the surface. This apparent immobility 
of relevant elements may be due to the clay that surrounds the ore; the low hydraulic permeability 
of the clay may have been a contributing factor. This property has been simulated by mass-transport 
models of the kind that are used for performance assessment of repositories / Cramer and Smellie 
1994/. Observations at Cigar Lake also supported conclusions on the role of colloids in the transport of 
radionuclides. Filtering of colloids by the clay was indicated. There were also examples of irreversible 
sorption of radionuclides on colloids which is a mechanism that may enhance radionuclide transport 
/ Vilks, pp 219–241 in Cramer and Smellie 1994/. However, as was noted in the Poços de Caldas 
project, particles and colloids may be more or less immobile, in which case irreversible sorption on 
these particles and colloids will act as a sink, and work in favour of retardation / Chapman et al. 1993/. 

The natural fission reactors in Gabon, Oklo, Okélobondo and Bangombé, provide unique opportuni-
ties to study the dispersion of fission products and actinides in the geosphere as a result of 2 billion 
years of exposure to a natural geological environment. Despite the great age few of the components 
have been transported out of the zones. However, volatile elements, such as Cs, have been lost 
/ Gauthier-Lafaye et al. 1996/. Retention of plutonium is traced in some locations by anomalous 
concentrations of the U-235 that has been generated by the decay of Pu-239 / Bros et al. 1996/. 

The first and possibly most important episode of mobilization of radionuclides in and around the 
reactor zones relates to the thermal influence of nuclear reactions. The nuclear reactions themselves 
heated the groundwater which caused geochemical reactions and rearrangements of matter close 
to the zones. The clay halo surrounding the core of the reactors formed as a result of this episode 
of hydrothermal alteration. Transport of rare earth elements in the near field of an Oklo reactor by 
circulation of heated water has been calculated. The near-field models were reasonably successful 
in simulating the pattern of rare earth elements distributed in the few metres above the reactor. No 
fissiogenic rare earth elements were detected further away from the reactor zones / Gauthier-Lafaye 
et al. 2000, pp 77–79/. The hydrothermal clay in and around the reactor zones has been shown to 
effectively retain U, REE, Zr and, to some degree, Mo through sorption on the sheet silicates (illite 
and chlorite) / Bros et al. 2003/. 

After the reactor zones cooled down followed c. 1,000 million years during which no major geological 
event affected the reactor zones. Around 860 million years ago, the Franceville sedimentary basin, 
which hosts the reactor zones, was subjected to regional extension associated with mafic magmatic 
dike intrusions. This event caused uraninite recrystallisation and lead loss. During this time radio-
genic lead, expelled from the uraninite, precipitated as galena (PbS) crystals in and around the reactor 
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zones / Evins et al. 2005/. The association between galena, fissiogenic platinum metals (Ru, Rh, Pd), 
and chalcogens (Se, Te) found in aggregates in or near the uraninite grain boundaries, suggest the 
mobilisation and redistribution within the reactor zones of these elements during the main episode 
of galena crystallisation / Gauthier-Lafaye et al. 2000, p 16/.

Transport and redistribution of actinides and radionuclides occur today in the reactor zones. This 
is most clearly demonstrated by studies performed at Bangombé, where oxidative alteration and 
dissolution of uraninite is observed as different varieties of secondary uranyl-minerals that have 
precipitated in and around the reactor zone, and by the uranium isotopic composition measured 
50 m downflow from the reactor zone / Gauthier-Lafaye et al. 2000, p 53/. Studies of the migration 
behaviour of REE have showed that only very small amounts of REE’s have left the reactor zone, 
and the groundwater samples from the reactor zone are depleted in REE’s. It was indicated that the 
uraninite	and	secondary	uranium	phases	(including	coffinite,	U[SiO4]nH2O) played an important role 
in retaining the REE / Gauthier-Lafaye et al. 2000, p 51/. 

Uranium transport has been studied also at Palmottu, in Finland, where the groundwater conditions 
are similar to those at the Forsmark site. At Palmottu, groundwater facilitated uranium transport was 
only found to be significant in the oxidizing uppermost hundred metres. Colloids were also carefully 
analysed at Palmottu but found to be unimportant as carriers of uranium in this case / Blomqvist et al. 
2000/. The importance of redox conditions was also observed at the Koongarra uranium deposit 
in the Alligator Rivers Region (Australia), where transport and retention mechanisms are to a large 
extent connected to oxidising weathering of minerals or the presence of unique constituents such as 
phosphates / Duerden et al. 1992/.

Transport of radionuclides has also been studied at the Nevada Test Site (USA), where groundwater 
samples from packed off sections in deep drilled wells contained detectable amounts of radionuclides 
from the nuclear tests / Kersting et al. 1999/. Underground nuclear tests melt the wall of the rock cavity 
that forms as a result of the explosion. Most of the actinides and rare earth elements produced in the 
explosion are incorporated in the molten glass that coalesces into a “puddle” at the bottom of the 
collapsing cavity. Plutonium found in the well had the same isotopic signature as samples from the melt 
glass of the “Benham” test, which had been performed under the groundwater table, 1.3 kilometres 
away, 29 years prior to sampling. Moreover, the plutonium and some other radionuclides were found to 
be associated with colloidal particles. This is probably the best indication so far that radionuclides can 
in fact be transported in the form of colloids, over substantial distances in a relatively short time.

14.6.4 Model testing and method development 
A major part of many natural analogue projects concerns validation and testing of geochemical models 
used in performance assessment and safety analysis of radioactive waste repositories. In addition, the 
methods and equipment developed for use in natural analogue studies are important for detailed site 
investigations. 

In the Koongara (Alligator Rivers, Australia) project, a total of 13 different mass transport models 
were tested to see how well they were able to reproduce the observed dispersion fan of uranium-238 
and some of its daughter nuclides using the large amount of information and data gathered through 
extensive investigations at the site / Golian and Lever 1992/. The age of the dispersion fan, according 
to these calculations, was in the range 0.5–3 million years which compared reasonably well with the 
1-6 million years obtained from geomorphologic observations. However, none of the models were 
ruled out which implies that the test was not a very severe one for the models, probably due to the 
complexity of the analogue and a lack of well defined boundary conditions. Also, loss of a small 
fraction travelling further than the measured dispersion fan could not be ruled out. Such an observa-
tion could have been important and possibly discriminated the models.

A unique approach for the Koongarra project was to test the scenario analysis method, originally 
developed as a safety analysis tool. It proved itself valuable in stimulating the evaluations, and also 
served to illustrate the complexity of the analogue / Skagius and Wingefors 1992/.

At Poços de Caldas (Brazil), mass-transport models and reaction models were tested, for example by 
simulating redox front development and hydrothermal transport / Chapman et al. 1993/. The models 
used in the predictive modelling were generally able to mimic the observed features, which involved 
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transport of oxidized iron and uranium by rainwater followed by precipitation of pitchblende by 
reduction when the uranium-bearing water encountered reducing conditions. The pattern confirmed 
the assumptions of mass-transport in fractured crystalline rock where features such as channelling 
and matrix diffusion play an important role and where continuum models are no longer adequate 
/ Romero et al. pp 471–502 in Chapman et al. 1993/.

In the Poços de Caldas project different geochemical codes and databases for speciation and solubili-
ties were tested and compared. It was observed that, for example, calculated solubilities tended to be 
on the pessimistic (over-estimated) side but not always. These exercises led to recommendations for 
amendments and improvements to the models and databases / Bruno et al. pp 451–470 in Chapman 
et al. 1993/.

In studies of the Bangombé natural fossil fission reactor (Gabon), comparisons were made between 
two codes used for geochemical evaluation: A statistical approach of principal component analysis 
and a deterministic approach simulating coupled transport and chemical reactions along groundwater 
flow lines. Both were able to distinguish chemical reactions from mixing and both independently 
identified an increase in alkalinity around the Bangombé reactor zone / Gurban et al. 1998/. This obser-
vation was explained by microbial analysis of iron reducing bacteria, capable of decomposing organic 
matter and generating carbon dioxide causing the alkalinity to increase. The code (M3) for principal 
component analysis has been used since for geochemical evaluations of results from investigations of 
potential repository sites in Sweden. The fact that availability of reliable and relevant thermodynamic 
data is a requirement for adequate modelling is illustrated by the improvements made in calculated 
predictions of mineral assemblages at Bangombé, which after an update of the thermodynamic 
database reached a much better agreement with observed mineralogy / Jensen et al. 2002/. 

Blind predictive modelling was used in studies of the Palmottu natural analogue site in Finland, where 
a flow path in the “Eastern Flow System” was covered by boreholes with packed-off sections for 
groundwater sampling. Mass transport models were applied to explain the measured concentrations 
and isotope ratios of uranium along the flow path / Blomqvist et al. 2000/. The first attempts were 
made “blind”, based on a limited amount of data. These first simplified approaches were not adequate 
to explain the observations. In the second phase, additional data on groundwater chemistry were 
distributed and two advanced models were applied, one fully coupled reaction-transport model and 
another model incorporating matrix diffusion. Both of them were successfully used to explain the 
development of uranium concentrations. The coupled model closely explained the measurements of 
groundwater composition in the boreholes. The assumption of matrix diffusion in the second model, 
to explain uranium dissolution by gradual oxidation of the rock matrix, was supported by independent 
measurements of uranium series disequilibrium. 

In addition to model testing, the Palmottu project also provided an opportunity to test equipments 
developed for investigation of repository sites, such as flow-logging devices, borehole video camera, 
borehole radar, mobile groundwater chemistry laboratory, down-hole chemistry probes etc. Measuring 
and sampling in boreholes were thoroughly exercised and the results used to describe the site, for 
example, the distribution of fractures and composition of the rock, as well as flow and chemistry 
of the groundwater. Much of this approach was later repeated during investigations of potential 
repository sites.

14.6.5 Concluding remarks
An important contribution from natural analogue studies to long-term safety assessments is to provide 
qualitative information on which processes and features to include in the assessments. The relevant 
processes are not limited to the well-known natural analogue sites, but can be studied in many 
natural systems. However, by focussing research efforts in these international projects, much site 
specific information has been made available, and researchers from different disciplines have been 
brought together to discuss the results. 
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Natural analogues can be considered experiments that have run for vast time periods in a complex, 
natural environment. Thus, observations of the results of these “experiments” can be made, from 
which hypotheses regarding processes that have affected the investigated feature can be formulated. 
These hypotheses can be tested with various methods. In this way, information from natural 
analogue studies can be used in development of conceptual models. 

A central issue for many natural analogue projects has been to test the adequacy of the geochemical 
tools, and the mathematical models incorporated in them, that are used in analyses of long-term safety. 
In practice this has resulted in an assessment of the applicability of associated databases used in 
geochemical models under natural conditions, and has helped to establish some of the uncertainties 
associated with these models. 

There are, however, aspects of natural analogue studies that limit the use of the results acquired. The 
difficulty in extracting the quantitative data necessary for the safety analyses is the main limitation. 
Information regarding the initial state of the feature as well as details regarding events and processes 
affecting the feature through all of its history is normally not fully available. This is often a result of 
the long timescales involved and the complexity of the systems, which is inherent in the concept of a 
natural analogue. 

In conclusion, the outcome of the natural analogue studies has been of a more qualitative than 
quantitative nature. The gathering of scientists and modellers in these international projects has 
focussed the research efforts and method development, so that enough information is available for 
identifying processes and scenarios relevant to safety assessments. Also, many natural analogues 
provide support to long-term safety analyses by improving general perception and understanding of 
the concept of a deep repository.

Table 14-4. Selected references for some natural analogue studies with relevance for the KBS-3V 
safety assessment. This list is not exhaustive. Large and interesting overviews of analogue 
studies are given in / Miller et al. 2000/ and / Ruiz López et al. 2004/.

Spent nuclear fuel, transport and retardation in the geosphere,  
method development and model testing

Oklo, Gabon Gauthier-Lafaye et al. 2000
Cigar Lake, Canada Cramer and Smellie 1994
Poços de Caldas, Brazil Chapman et al. 1993
Palmottu, Finland Blomqvist et al. 2000
Koongarra (Alligator Rivers), Australia Duerden et al. 1992
Nevada Test Site, USA Kersting et al. 1999 

Copper canister

Keweenaw Peninsula, USA Johnson and Francis 1980
Hyrkkölä, Finland Marcos et al. 1999
Littleham Cove, UK Milodowski et al. 2002
Kronan cannon, Sweden Hallberg et al. 1988
Lightning plates, Sweden Hallberg et al. 1984

Buffer and backfill

Deep wells in sedimentary basins Velde and Vasseur 1992
Kinnekulle, Sweden Pusch et al. 1998
Wyoming, USA Smellie 2001
Almería, Spain Villar et al. 2006
Dunarobba, Italy Valentini et al. 1997



TR-11-01 797

15 Conclusions 

Figure 15-1. The SR-Site methodology in eleven steps (Section 2.5), with the present step highlighted.
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15.1 Introduction
The central conclusion of the safety assessment SR-Site is that a KBS-3 repository that fulfils long-
term safety requirements can be built at the Forsmark site.

This conclusion is reached because the favourable properties of the Forsmark site ensure the required 
long-term durability of the barriers of the KBS-3 repository. In particular, the copper canisters with 
their cast iron insert have been demonstrated to provide a sufficient resistance to the mechanical and 
chemical loads to which they may be subjected in the repository environment.

The conclusion is underpinned by the following considerations.

•	 The	reliance	of	the	KBS-3	repository	on	i)	a	geological	environment	that	has	long-term	
stability with respect to properties of importance for long-term safety, i.e. mechanical stability, 
low groundwater flow rates and the absence of high concentrations of detrimental components in 
the groundwater, and ii) the choice of naturally occurring materials (copper and bentonite clay) 
for the engineered barriers that are sufficiently durable in the repository environment to provide 
the barrier longevity required for safety. 

•	 The	understanding,	through	decades	of	research	at	SKB	and	in	international	collaboration,	of	
the phenomena that affect long-term safety, resulting in a mature knowledge base for the safety 
assessment.

•	 The	understanding	of	the	characteristics	of	the	site	through	several	years	of	surface-based	investi-
gations of the conditions at depth and of scientific interpretation of the data emerging from the 
investigations, resulting in a mature model of the site, adequate for use in the safety assessment.

•	 The	detailed	specifications	of	the	engineered	parts	of	the	repository	and	the	demonstration	of	how	
components fulfilling the specifications are to be produced in a quality assured manner, thereby 
providing a quality assured initial state for the safety assessment.
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The detailed analyses, performed systematically according to a well-defined methodology, demonstrate 
that canister failures in a one million year perspective are rare. Even with a number of pessimistic 
assumptions regarding detrimental phenomena affecting the buffer and the canister, they are sufficiently 
rare that their cautiously modelled radiological consequences are well below one percent of the natural 
background radiation.

As a background to the discussion of conclusions in this chapter, the main features of the KBS-3 
safety concept are repeated.

•	 The	waste	is	isolated	from	the	human	and	near-surface	environment	by	placing	the	repository	at	
depth in a long-term stable geological environment. This means that the repository is not strongly 
affected by neither societal changes nor by the direct effects of long-term climate change at the 
ground surface.

•	 The	risk	of	human	intrusion	is	reduced	by	locating	the	repository	at	a	site	where	the	host	rock	can	
be assumed to be of no economic interest to future generations.

•	 The	spent	fuel	is	surrounded	by	several	engineered	and	natural	safety	barriers.

•	 The	primary	safety	function	of	the	barriers	is	to	contain	the	fuel	within	a	canister.

•	 Should	containment	be	breached,	the	secondary	safety	function	of	the	barriers	is	to	retard	
a potential release from the repository.

•	 The	engineered	barriers	are	made	of	naturally	occurring	materials	that	are	stable	in	the	long	term	
in the repository environment. 

•	 The	repository	is	designed	and	constructed	so	that	temperatures	that	could	have	significant	
detrimental effects on the long-term properties of the barriers are avoided.

•	 The	repository	is	designed	and	constructed	so	that	radiation-induced	processes	that	could	have	
significant detrimental effects on the long term behaviour of the engineered barriers or of the rock 
are avoided.

•	 The	barriers	function	passively,	i.e.	without	human	intervention	and	without	artificial	supply	of	
matter or energy.

This chapter presents the detailed conclusions from the SR-Site project. 

Two major roles for the presentation of the conclusions from the SR-Site project can be distinguished:

1. To demonstrate compliance with applicable Swedish regulations for a KBS-3V repository at the 
Forsmark site.

2. To provide feedback to design development, to SKB’s RD&D Programme, to detailed site 
investigations and to future safety assessment projects. 

The first purpose is addressed in Section 15.3 and the second in Sections 15.4 through 15.8. Before 
the formal discussion of compliance-related issues and the detailed feedback, an overview of the 
results of the analyses is given in Section 15.2 immediately below.

15.2 Overview of results
This section gives a summary of the most important findings in the SR-Site project. The conclusions 
are further discussed and substantiated in the following sections of this chapter.

15.2.1 Compliance with regulatory risk criterion
A repository at Forsmark is assessed to comply with the regulatory risk criterion
The analyses carried out in SR-Site show that a KBS-3V repository at Forsmark constructed in accord-
ance with the current reference design will comply with the regulatory risk criterion issued by SSM.



TR-11-01 799

The likelihood of canister failures during the initial one thousand years, is assessed 
as negligible
The pessimistically calculated mean number of canisters failing due to earthquakes during the initial 
one thousand years is of the order of one in a hundred thousand. All other failure types are assessed 
as ruled out for this period. Furthermore, the evaluations of the canister sealing procedure, have led 
to the conclusion that all canisters will be tight at deposition.

In a one million year time perspective, there is a small risk contribution from canister failures 
due to enhanced corrosion following buffer erosion
Loss of buffer may occur from exposure to low ionic strength waters but the extent is uncertain. The 
Forsmark site has a large potential to maintain a sufficient ionic strength at repository depth over a 
glacial cycle. Loss of buffer mass, to the extent that advective conditions arise in the deposition hole, 
may, however, occur in a 100,000 year perspective for typically less than ten deposition positions 
with high flow rates. 

Advective conditions in a deposition hole will enhance the canister corrosion rate. In a one million 
year time perspective, this may lead to failures of a few canisters when applying the most pessimistic 
of the hydraulic interpretations made of the Forsmark site, with cautious assumptions regarding 
concentrations of corrosive agents and deposition hole acceptance rules. 

With pessimistic assumptions regarding buffer erosion, copper corrosion and radionuclide transport 
conditions, the radiological risk from such canister failures is pessimistically calculated to be around 
1/100 of the regulatory limit in a 100,000 year perspective and around 1/10 of the regulatory limit in 
a one million year time perspective.

In a one million year time perspective, there is a small risk contribution from canister failures 
due to earthquakes 
Canister failures due to large earthquakes cannot be categorically ruled out. However, the probabilistic 
analyses imply that, on average, it would take considerably more than one million years for even one 
such canister failure to occur.

The contribution to radiological risk from earthquakes is pessimistically calculated to be less than 
1/100 of the regulatory limit in a 100,000 year perspective and less than 1/10 of the regulatory limit 
in a one million year time perspective.

15.2.2 Issues related to altered climate conditions
Several issues of importance for long-term safety are related to future glacial, periglacial or warmer 
climate conditions. A number of conclusions regarding effects of such conditions can be drawn. 

Freezing of the buffer is ruled out – even for very pessimistically chosen climate conditions
According to the analyses, freezing of the buffer clay is ruled out, even for the most pessimistic 
periglacial climate conditions considered, which includes the large uncertainties related to future 
climate development. Also freezing of a deposition tunnel backfill material or of a water-filled cavity 
in an eroded buffer is ruled out for the most pessimistic climate development at Forsmark. 

Canister failure due to isostatic load is ruled out – even for very pessimistically chosen 
climate conditions
According to the analyses, canister failure due to isostatic load is ruled out for the most severe future 
glacial conditions considered based on the glacial development of the past two million years.
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Oxygen penetration is very unlikely – even for very pessimistically chosen climate conditions 
– and the consequences are small
Oxygen penetration to canister positions is ruled out, except for enhanced flow situations occurring 
during the unlikely event when an ice sheet margin is temporarily stationary above the repository in 
combination with several other pessimistic assumptions. Even in such a case, the consequences in 
terms of canister corrosion are small. 

Repository safety for a prolonged period of warm climate before the next glacial period is 
assessed as comparable to safety for a climate unperturbed by enhanced global warming 
A prolonged period of warm climate (global warming due to an enhanced greenhouse effect) may 
lead to increased exposure to dilute groundwater of a repository at Forsmark and hence to increased 
buffer erosion. The sensitivity of the calculated risk to such a perturbation is, however, low. 

The occurrence of large earthquakes is likely to increase during deglaciation, and this effect is thus 
delayed by a prolonged initial period of warm climate. 

15.2.3 Other issues related to barrier performance and design
The reference design, forming the basis for the assessed initial state in SR-Site, yields a safe 
repository when implemented at the Forsmark site
Since the analyses in SR-Site show that the regulatory risk criterion is fulfilled, it is concluded that 
the assessed reference design implemented through the selected production and control procedures 
will yield a safe repository. Conclusions regarding design issues important for long-term safety 
yielding feedback to future refinement of the design have been drawn.

It is crucial to avoid deposition positions intersected by large or highly water conductive 
fractures and the low frequency of water conducting fractures allows efficient application 
of such rejection criteria
The risk contributors in SR-Site are related to the occurrence of large and/or highly conductive fractures 
intersecting deposition holes. This applies to the buffer colloid release process and the impact of major 
earthquakes in the vicinity of the repository. These two phenomena are related to canister failures 
due to canister corrosion and to secondary rock shear movements, respectively. As also the retention 
in large, highly transmissive fractures is small, such failures are in general associated with high 
consequences. Accordingly, such fractures need to be avoided once identified. 

Cautious assumptions regarding the likelihood of occurrence of such fractures and regarding deposition 
hole rejection criteria are adopted in SR-Site. The results of the analysis are sensitive to these assump-
tions. It is important to continue the development of acceptance criteria for deposition holes as a 
basis for future assessments. This needs to be studied both by simulation of the effects of applying 
potential criteria and by exploring the practicability of applying the criteria.

The heat from the canister will likely fracture the rock in the deposition hole wall, which would 
enhance the in- and outward transport of dissolved substances, but this has little impact on risk
Thermally induced spalling around deposition holes at Forsmark cannot be ruled out and may have 
a considerable impact on mass exchange between the flowing groundwater and the buffer as long as 
diffusion is the dominant transport mechanism in the buffer. For diffusive conditions, there is, however, 
a considerable margin to canister failures even when spalling is pessimistically assumed in all deposition 
positions at Forsmark. If advective conditions prevail in the buffer, the effects of spalling are much 
less pronounced because it adds little to the already increased flow rate. In consequence, the overall 
effect on the calculated risk is small. 
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The importance of the excavation damaged zone in the rock around the deposition tunnels as 
a transport path for radionuclides is limited
The importance of the excavation damaged zone (EDZ) around deposition tunnels is limited in compari-
son to other transport routes for radionuclides. Very pessimistic assumptions about the EDZ in relation to 
the reference excavation method could affect the extent of canister corrosion for advective conditions. 

This confirms the suitability of the cautious reference excavation methods adopted in the reference 
design of the repository.

In most deposition holes groundwater will not reach the canister for thousands of years due to 
the favourable rock properties at Forsmark 
The saturation times for both backfill and buffer are likely to range from a few tens of years to several 
thousand years, as a consequence of the rock properties (matrix hydraulic conductivity and presence 
and characteristics of fractures) at Forsmark. The majority of deposition holes are not intersected 
by water conducing fractures, yielding slow saturation (with water from the deposition tunnel and 
the buffer) and slow inflow of e.g. corrosive agents in the groundwater both during unsaturated and 
saturated conditions. Transport of corrosive agents within the bentonite will be very limited and 
diffusion-dominated also during the unsaturated phase. During saturation the microbial activity may 
be enhanced before the swelling pressure is established. However, this is of little consequence, since 
the corrosion is limited by mass balance and transport. Since the groundwater flow during saturation 
is towards the deposition holes, no erosion of the bentonite can occur during the unsaturated period. 
The effects of the unsaturated period on the geochemical, mineralogical and thermal property changes 
in the buffer have been investigated in SR-Site. They are found to be small and without any significant 
impact on long-term performance.

15.2.4 Confidence
The confidence in the results obtained is sufficient to form a basis for a decision regarding 
application for a licence to construct a repository.
In summary, the elements contributing to the overall confidence in the assessment results are as 
follows.

•	 The	knowledge	of	the	Forsmark	site	from	the	completed,	surface	based	investigations	is	sufficient	
for the assessment of long-term safety. The site has favourable conditions for safety and no site-
related issues requiring resolution in order to demonstrate safety have been identified. 

•	 There	is	a	well	established	reference	design	with	specified	and	achievable	production	and	control	
procedures yielding an initial state of the repository system with properties favourable for long-
term safety at the Forsmark site. There is potential for additional optimisation when this reference 
design is developed and implemented, as is further discussed in Sections 15.3.5 and 15.5.

•	 The	scientific	understanding	of	issues	relevant	for	long-term	safety	is	mature	as	a	result	of	decades	
of research both within the Swedish and other national programmes and in international col-
laboration projects. 

•	 A	complete	analysis	of	issues	identified	as	relevant	to	long-term	safety	has	been	carried	out	
in SR-Site according to an established assessment methodology comprising e.g. cautious 
approaches when addressing uncertainties.

•	 Documented	quality	assurance	routines,	including	peer	reviewing,	have	been	applied	in	the	
assessment of the initial state, in the development of the site description and in the analysis of 
long-term safety. 

The discussion of confidence is further developed in Section 15.3.6.
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15.3 Demonstration of compliance
15.3.1 Introduction
From applicable regulations from SSM and general recommendations and guidance associated 
with these regulations, a number of requirements on presentation of a compliance evaluation can 
be derived. The requirements are here categorised and addressed as follows:

1. Account of calculated risk to individuals, Section 15.3.3.
2. Account of effects on the environment from release of radionuclides, Section 15.3.4.
3. Demonstration of use of best available technique, BAT, Section 15.3.5.
4. A discussion of confidence, Section 15.3.6.
5. Other, general requirements on the system, e.g. demonstration of a multi-barrier system, 

Section 15.3.7.
6. General requirements on the safety assessment (adequate handling of uncertainties, quality assur-

ance, etc), Section 15.3.8.

The above structure does not, however, address all aspects of the regulations. For a complete account 
of how the SR-Site report meets these requirements, the reader is referred to Appendix A, where the 
regulations are reproduced and where references are given to sections in this report where each issue 
is addressed.

The analyses and conclusions in SR-Site are based on an established reference design with specified 
and achievable production and control procedures yielding an initial state of the repository system with 
properties favourable for long-term safety at the Forsmark site. The engineered parts of the repository 
system are based on demonstrated technology and established quality assurance procedures to achieve 
the initial state of the system, including the construction of the repository facility. This is systematically 
documented in the Production reports and their underlying references as summarised in Chapter 5.

As an introduction to the discussion of compliance, a brief account of the safety concept, evaluated 
by results from the SR-Site assessment is given in Section 15.3.2 immediately below.

15.3.2 The safety concept and allocation of safety
The main safety function of the KBS-3 concept is containment and the secondary safety function, 
mobilised if the containment function is not upheld, is retardation. 

Containment
The containment function is provided by an intact copper shell of the canister. The extent to which 
this function is upheld is dependent on the buffer’s function of limiting advective transport between 
the host rock and the canister and on favourable mechanical, hydrogeological and geochemical prop-
erties of the host rock: i) limited flow rates and a minimum charge concentration of the groundwater 
to avoid erosion of the buffer ii) limited flow rates and low groundwater concentrations of sulphide to 
limit corrosion, in particular if the buffer has been eroded, and iii) a low probability of large fractures 
intersecting deposition holes in order to limit the potential impact on the canister of large earth-
quakes in the vicinity of the repository. 

The analyses in SR-Site indicate that containment is maintained even in the one million year 
perspective for a vast majority of canisters. Deterioration of the barrier system to the extent that 
containment is lost is assessed to only occur, as a statistical average, for less than one canister due 
to buffer erosion leading to advective conditions and enhanced corrosion. The other failure mode 
that could not be ruled out, that due to earthquake-induced secondary shear movements in fractures 
intersecting deposition holes, is even less likely and affects on average considerably less than one 
canister when this failure mode is evaluated statistically with a number of pessimistic assumptions. 
This means that containment is assessed to be maintained for the vast majority of the 6,000 canisters 
throughout the assessment period. 

All safety functions related to containment are shown in Figure 8-2. Many of these, like the canister’s 
ability to withstand isostatic loads or the “ability” of the host rock to provide a favourable rock 
temperature, are assessed as upheld thought the assessment period.
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It is also noted that the consequences of a postulated, complete loss of containment for all canisters 
decrease with time, and are about a factor of 3 higher than the regulatory risk limit at the end of the 
assessment period (hypothetical case C in Figure 13-67). 

Retardation
Both the failure mechanisms that could not be ruled out are of the common mode type, i.e. the canister, 
the buffer and the rock are all affected, either through a detrimental shear movement or through a high 
flow rate in the geosphere, affecting both erosion and corrosion. The causes of the failures affect also 
the retention properties through high flow rates and, in the case of erosion, through the absence of the 
buffer after failure. Hence the retarding potential of the repository is limited in these particular cases, 
for the canisters that have failed. Instead, safety is to a considerable extent achieved through the slow 
dissolution of the fuel and, to a lesser extent, through the limited corrosion rate of radionuclide-
containing metallic structural parts of the fuel elements.

For the canisters that maintain their containment potential, retardation is a latent safety function 
throughout the assessment period. A more general view of the retarding potential of the buffer and 
the host rock is obtained from the analyses of hypothetical, complete losses of barrier functions in 
Section 13.7.3. 

Retention in the buffer is important for the initial 1,000 years and limited in longer time frames (compare 
cases C and D in Figure 13-67). The latter is due to the fact that the total dose in the long term is domi-
nated by non-sorbing or very long lived nuclides. However, a nuclide specific comparison (Figures 13-63 
and 13-61) reveals that the buffer has a considerable retention function for sorbing nuclides also in the 
long term, masked in the total dose by the dominance of the non-sorbing species. 

The role of retention in the rock is similar; it is important for the initial 1,000 years and limited in 
longer time frames (compare cases C and C* in Figure 13-67) as concerns total dose, again since 
total dose is then dominated by nuclides that do not sorb in the rock. A nuclide specific comparison 
(Figures 13-62 and 13-61) reveals that the rock has a considerable retention function for sorbing 
nuclides also in the long term, masked in the total dose by the dominance of the non-sorbing species. 
The low flow rates at repository depth also play an important role in limiting the release rate of 
radionuclides to the rock. 

Summary
In summary, containment is the primary safety function of the KBS-3 repository and it is demonstrated 
to be efficiently upheld at the Forsmark site throughout the assessment period, directly through the 
properties of the canister and indirectly by the favourable hydrogeological and geochemical properties 
of the host rock. For the rare failures of containment, retardation is of limited importance due to the 
common mode nature of the failure mechanisms in question and since only very long-lived nuclides 
remain when these failures occur. As a latent function, retardation is significant for hypothetical 
releases of, in particular, sorbing species throughout the assessment period. For hypothetical failure 
modes affecting the canister only, retardation of sorbing nuclides is significant in the buffer and in 
the host rock.

15.3.3 Compliance with SSM’s risk criterion
This section contains a discussion of the compliance with SSM’s risk criterion in different time frames. 
A discussion of confidence in the results, e.g. that the assumed initial state or site properties in the 
assessment are justified, is given in Section 15.3.6.

Regulatory requirements
The primary compliance criterion in Swedish regulations is SSM’s risk criterion. An account of 
the calculated risk is, therefore, an essential component of a compliance demonstration for the first 
1,000 years. This is also explicitly stated in SSM’s General Guidance, where a reporting of contribu-
tions to risk from each analysed scenario is also requested.
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Also for the initial glacial cycle, a risk calculation is required. SSM states the following regarding 
this period in its General Guidance:

“Reporting should be based on a quantitative risk analysis in accordance with the guidelines to 
Sections 5-7. Supplementary indicators of the repository’s protective capability, such as barrier 
functions, flow of radionuclides and concentrations in the environment should be used to strengthen 
the confidence in the calculated risks. The given period of time of one hundred thousand years is 
approximate and should be selected in such a way that the effect of expected large climate changes, 
for instance, a glaciation cycle, on the protective capability of the repository and consequences to 
the surroundings can be illustrated.”

Regarding the time beyond the initial glacial cycle, SSM states the following in its General Guidance:
“The risk analysis should illustrate the long-term development of the repository’s barrier functions 
and the importance of major external disturbances on the repository such as earthquakes and glaciations. 
Taking into consideration the increasing uncertainties over time, the calculation of doses to people and 
the environment should be made in a simplified way with respect to climate development, biosphere 
conditions and exposure pathways. Climate development can simplified be described as a repetition 
of identical glaciation cycles.”

A strict quantitative comparison of calculated risk in relation to the criterion for individual risk in the 
regulations is not meaningful. The assessment of the protective capability of the repository should 
instead be based on reasoning on the calculated risk together with several supplementary indicators 
of the protective capability of the repository such as barrier functions, flows of radionuclides and 
concentrations in the environment. If the calculated risk exceeds the criterion of the regulations for 
individual risk or if there are other indications of substantial disruptions of the protective capability 
of the repository, the underlying causes of this should be reported on as well as possible measures to 
improve the protective capability of the repository.”

Calculated individual risk in SR-Site
A detailed summary account of the calculated individual risk for a repository at Forsmark is given 
in Section 13.9. The details are not repeated here, but the numerical result of the risk summation of 
the two contributing scenarios, the corrosion scenario and the shear load scenario is reproduced in 
Figure 15-2, as a background to the discussion below.

Compliance for the first 1,000 years
All canisters are assessed to be tight at deposition. The initial copper coverage is discussed in the 
account of the initial state of the canister in Section 5.4.3. The initial minimum copper thickness is 
given as 47.5 mm in Table 5-9. Taking also the occurrence of local internal defects in the copper shell 
into consideration, no canisters are assessed to have local reductions exceeding 20 mm. This is the 
manufactured and inspected thickness of the corrosion barrier after the final machining of the canister 
components.

As required by SSM’s Regulations, many aspects of the repository evolution have been modelled in 
detail for the initial 1,000 years. This concerns the thermal, mechanical, hydraulic and chemical evo-
lution, as well as effects on the buffer and the canister. Detailed accounts are given in Sections 10.2 
(the excavation and operational phases) and 10.3 (the initial period of temperate climate after closure). 
Also the biosphere development is modelled in detail during this time period.

Of the three identified failure modes of the canister, i.e. failure due to corrosion, due to shear load 
and due to isostatic loads, corrosion and isostatic load induced failures can be ruled out with large 
margins for the first 1,000 years, as demonstrated in the reference evolution (Chapter 10) and the 
analyses of the corrosion and isostatic load scenarios (Sections 12.6 and 12.7, respectively).

Shear loads on the canister may occur as a consequence of large earthquake induced secondary shear 
movements in fractures intersecting deposition holes. Although the likelihood for large earthquakes 
is higher during periods of tectonic stress, for example during glacial rebound, it cannot be entirely 
ruled out that a detrimental earthquake would occur during the initial 1,000 years. 



TR-11-01 805

The probability that one out of the 6,000 canisters has failed at the end of the initial 1,000 year period 
is estimated at 2.4·10−5, see further Section 10.4.5, i.e. hypothetically 40,000 repositories, each with 
6,000 canisters would have to be constructed in order for there to be an expectation of one failure 
during the initial 1,000 years. Despite this extremely low probability, a risk contribution was calculated 
for	the	first	1,000	years,	with	the	result	that	the	mean	annual	dose	is	at	most	around	0.001	μSv/yr	
corresponding to a risk of 10−10/yr, see Figure 13-49 in Section 13.6. This analysis builds on a detailed 
modelling of the biosphere development and radionuclide transport in the developing landscape during 
the initial 1,000 years, as required by SSM’s Regulations.

It is, therefore, concluded that the analysed repository at Forsmark complies with the regulatory risk 
criterion during the initial 1,000 years after closure.

In hypothetical cases of initially defective canisters, there are several properties of the barrier system that 
provide protection, some of which are not important, or more difficult to claim, in longer time frames. 
As discussed in Section 13.9.5, some of these would, with cautious assumptions, alone prevent any 
releases during the initial 1,000 years for an initially defective canister. This relates particularly to the time 
required for water to get into contact with the fuel elements and the integrity of the Zircaloy cladding.

Compliance for the initial glacial cycle
As reported in Section 13.9 and reproduced in Figure 15-2, the calculated, pessimistically bounded 
risk during the initial 120,000 year glacial cycle is at most about 10−8/yr, i.e. about two orders of 
magnitude below the regulatory limit.

Only the shear load scenario contributes to risk for the first tens of thousands of years. Consequences 
in the corrosion scenario occur after about 50,000 years for the highly pessimistic and bounding 
case where initial advection in all deposition holes is assumed. With cautious estimates of the extent 
of buffer erosion, the first consequences of the corrosion scenario occur at the earliest after around 
100,000 years.

Figure 15-2. Risk curves, expressed as annual individual risk. Several alternatives for the corrosion 
scenario are shown, and two for the shear load scenario. The bounding, dashed curve is the sum of the 
curve for the shear load failure followed by advective conditions (dark green) and the curve for the variant 
of the corrosion scenario yielding the highest risk (brown). The risk associated with the main scenario is 
subsumed under the corrosion scenario as it is equal to the semi-correlated case (blue).
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Repository performance for the time beyond the initial glacial cycle up to 
one million years
As reported in Section 13.9 and reproduced in Figure 15-2, the calculated, pessimistically bounded 
risk beyond the first 120,000 year glacial cycle up to one million years is at most about 10−7/yr, i.e. 
about one order of magnitude below the regulatory limit.

In this time frame, both the shear load scenario and the corrosion scenario contribute to the calculated 
risk. The contributions are comparable in magnitude. However, since both are represented by pessimistic 
bounding cases, and because the pessimistic assumptions differ between the scenarios, the two risk 
contributions cannot be directly compared. 

Alternative safety indicators for this time period are discussed below.

Risk dilution
Risk dilution was analysed in connection with the risk summation in Section 13.9 and found not to 
challenge the conclusion regarding compliance with the risk criterion in any of the time frames.

Alternative safety indicators 
In particular for times far into the future, the calculated risk becomes less useful as an indicator of 
repository safety, and SSM’s Regulations suggest that alternative indicators should, therefore, also 
be evaluated. Four alternative indicators to risk are used in SR-Site, as described in Section 13.5.8.
 The following results emerged for the central corrosion case.

•	 Peak	releases	of	activity	from	the	geosphere	are	about	three	orders	magnitude	below	the	activity	
constraints issued by the Finnish regulator STUK.

•	 The	peak	radiotoxicity	flux	from	the	geosphere	is	more	than	three	orders	of	magnitude	lower	than	
the reference value for radiotoxicity flux from the geosphere suggested by the EU SPIN project. 

•	 Calculated	radionuclide	peak	concentrations	in	ecosystems	at	Forsmark	from	repository	releases	
of Ra-226 are about three orders of magnitude below measured concentrations of naturally occur-
ring Ra-226 at Forsmark.

•	 Peak	geosphere	fluxes	caused	by	Ra-226	releases	from	the	repository	are	about	two	orders	of	
magnitude below naturally occurring fluxes of Ra-226 at the site, as estimated from site data; 
the difference is larger for U-234 and U-238. The total release of all repository derived nuclides 
converted to dose is also around two orders of magnitude lower than the summed dose from 
fluxes of the three mentioned naturally occurring nuclides.

The results are readily applicable to other corrosion cases, for most indicators by simply scaling 
by the release of Ra-226, which is, at most, one order of magnitude higher than that for the central 
corrosion case. 

Similar conclusions are reached for the shear load scenario, as accounted for in the Radionuclide 
transport report. 

In summary, the application of alternative indicators shows that releases from the repository are orders 
of magnitude below the adopted reference values for the indicators. This suggests that the future radio-
logical consequences on man and on the environment of releases from the repository are negligible, 
independent of assumptions in the biosphere model. 

The time beyond one million years
The evolution of the repository after 1 million years is discussed in Section 14.5. 

An account of the development of the radiotoxicity of the spent nuclear fuel up to ten million years 
is given in Figure 2-1 in Section 2.4. 

Although the rocks, the ductile deformation and the brittle deformation zones at Forsmark all formed 
at least one billion years ago, the increasing uncertainties regarding the external conditions makes it 
not meaningful to predict the development of the site and of the repository for time periods beyond 
one million years. 
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It is noted that the hypothetical case in Section 13.7.3, where all canisters are failed, where the buffer 
is absent and where retention in the rock is disregarded, yields releases that correspond to dose 
consequences that are comparable to the natural background radiation after one million years. The 
releases are in that case controlled by the flow at repository depth and the inventory of radionuclides, 
the latter of which decreases with time and is dominated by radionuclides that also occur in natural 
ore bodies. 

Finally, the scientific understanding of the fuel dissolution process suggests that the longevity of 
the spent fuel matrix is several million years in the repository environment (see Section 13.5.5). 
Furthermore, uranium ores that are many millions and even billions of years old are known through 
geological observations. This indicates that, in the case of stable tectonics and maintained reducing 
conditions in the repository, the uranium oxide which constitutes the fuel matrix can be stable for 
many millions of years.

Uncertainties linked to the risk calculation for different time periods 
Uncertainties that have a significant influence on the calculated risk are discussed in Section 13.10, 
Table 13-13, where the handling of the uncertain factors in SR-Site is summarised together with 
references to plans for the reduction of these uncertainties. As seen in the table, most of the uncertain 
factors have been treated pessimistically, whereas some have been included as probability distribu-
tions in the risk calculations, where their full uncertainty range is used in the determination of mean 
annual doses, the relevant metric for determining the calculated risk. 

The combination of pessimistic handling of uncertainties for which probability distributions could 
not be determined with the probabilistic handling of quantified uncertainties means that the total risk 
as determined in the risk summation in Section 13.9 is claimed to represent an upper bound on risk. 
Since this upper bound is below the risk limit throughout the one million year assessment period, 
there are no uncertainties of critical importance to resolve with respect to risk.

15.3.4 Effects on the environment from release of radionuclides 
Doses to non-human biota for the central corrosion case have been calculated according to the method-
ology described in Section 13.2.5. The results are presented in Section 13.5.7. The highest dose rates 
to organisms in marine, freshwater and terrestrial ecosystems in Forsmark, both in total and for the 
dose-dominating radionuclides are well below the screening dose rate (10 µGy h–1) recommended 
in the ERICA Integrated Approach. It is therefore concluded that radionuclide releases predicted for 
this case will not lead to significant detrimental biological effects on individuals of species found, 
or projected to occur in future, at the site. In consequence, there will be no detrimental impact on 
populations, communities or ecosystems.

The results are readily applicable to other corrosion cases, by scaling the releases of the nuclides in 
question, which are at most about one order of magnitude higher than that for the central corrosion 
case. This means that the conclusion for the central corrosion case holds also for all other corrosion 
cases considered in SR-Site. 

Releases for the shear load scenario have not been analysed with respect to doses to biota in SR-Site. 
However, since the releases are generally lower for this scenario than for the corrosion scenario, and 
since the margin to the reference value is several orders of magnitude in the latter, it is concluded 
that the effects on the environment for the shear load scenario are of no concern.

15.3.5 Optimisation and best available technique, BAT 
The basis for the SR-Site contribution to the demonstration of optimisation and best available 
technique (BAT), as well as existing regulatory requirements and general guidance is provided in 
Section 2.7. While, a general account of the use of BAT is a broad issue spanning from the selection 
of method for the management of nuclear waste to fine details of the selected method, a limited part 
of this broad issue can and should be addressed in the safety assessment of the preferred method.

Based on the findings from SR-Site, and especially the specific assessment presented in Section 14.3, 
feedback can be given whether alterations in relation to the analysed reference design could lead to 
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reductions in risk or in reduction in uncertainties that potentially could affect risk. For aspects of the 
design where no such reduction in risk or uncertainty in fulfilment of safety functions can be seen to be 
realistically obtainable, SR-Site claims the solution to be optimal and BAT. However, SR-Site is not an 
assessment of all conceivable technical solutions. SKB will continue technical development of several 
aspects of the design in order to further simplify construction and implementation, but will only adopt 
these developments if they lead to a risk comparable to or lower than that found in SR-Site.

The canister
The assessment presented in Section 14.3 shows the following.

•	 Increasing	the	copper	thickness	to	10	cm	reduces	the	mean	number	of	failed	canisters	at	one	
million years by a factor of about 3 while halving the thickness to 2.5 cm increases the number 
by about a factor of 2. However, since the calculated risk with the reference design is below the 
regulatory limit, the risk reduction obtained by increasing the thickness is moderate. Furthermore, 
considering the added problems of manufacturing and sealing a thicker canister, the selected 
copper thickness is deemed adequate from the point of view of BAT.

•	 The	specified	values	for	elongation	and	creep	ductility	in	the	copper	shells	are	found	appropriate	
and it is judged that there is little prospect that changing these properties would enable the canister 
to withstand even larger shear loads.

•	 The	ability	of	the	cast	iron	insert	to	withstand	shear	load	depends	mainly	on	the	occurrence	of	
surface defects in the insert. While it is concluded in the Canister production report that the cur-
rent canister reference design conforms to the stated design premises, it is also noted that rigorous 
requirements are placed on manufacturing and NDT (non-destructive testing) capability. Revising 
the design of the canister/buffer system such that the loads on the insert decrease, e.g. by reducing 
the buffer density, would thus allow relaxation of the requirements on manufacturing and NDT 
capability for the insert. Furthermore, the adequacy of inserts for PWR fuel have not formally been 
assessed, but the PWR design is more robust due to its larger material thickness in the cast iron insert.

•	 For	the	given	reference	design,	there	is	ample	margin	to	prevent	canister	failure	due	to	isostatic	
load, even for the most extreme load situations and there seems to be no need to change the 
design in order to increase this margin.

In conclusion, there seems to be little need to alter the canister design from a safety perspective, but 
the formal analyses of the adequacy of the PWR inserts need, of course, to be made eventually.

The buffer
The assessment presented in Section 14.3 shows the following.

•	 A	larger	buffer	mass,	e.g.	by	increasing	buffer	thickness	or	buffer	density,	is	not	seen	as	a	practical	
means of mitigating the effects of buffer erosion. A larger buffer mass may offer a slightly longer 
time before advective conditions are created in the deposition hole, but this is not seen as a solution 
to the buffer erosion issue.

•	 The	assessment	of	buffer	erosion/colloid	release,	summarised	in	Section	10.3.11,	demonstrates	
that the phenomenon cannot be ruled out in the assessment of long-term safety. Furthermore, 
there is still uncertainty with regard to modelling of colloid formation and subsequent erosion of 
the buffer material and the modelling approach thus tends to be pessimistic. It also seems clear 
that it cannot, with the current understanding, be defensibly mitigated by e.g. selection of another 
buffer material. A continued R&D programme on buffer erosion mechanisms is needed and is 
being implemented.

•	 Lowering	the	bentonite	density	lessens	the	stress	on	the	cast	iron	insert.	Further	reductions	of	the	
maximum allowed buffer density, still practically compatible with the requirements on minimum 
buffer density, may be feasible, at least in the form of a statistical distribution. Consequently, 
SR-Site will provide this feedback for updating the design premises and for revising the buffer 
design, see Section 15.5.7.

In conclusion, there is potential to further reduce risk by developing the buffer design and adapting 
the production of the buffer and deposition holes to conform to this design.
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The deposition tunnel backfill
The assessment presented in Section 14.3 shows that the buffer and the associated safety functions 
will be maintained during the expansion of the buffer into the backfill for all possible combinations 
of buffer and backfill conditions. For the case when backfill material is lost, a maximum loss of 
220 tonnes in a deposition tunnel section can be allowed before advective conditions have to be 
considered in the deposition hole. However, none of the single fractures intersecting the tunnel close 
to deposition holes will cause erosion of the backfill to the extent that it loses so much swelling pres-
sure that advective conditions must be assumed in underlying deposition holes. For a few positions, 
where the tunnel is intersected by a very transmissive deformation zone, potentially more than 220 
tonnes could be lost, but since these positions are far away from deposition holes, this is judged not 
to impair safety. In conclusion, while there possibly could be improvements in the backfill design 
from an installation point of view, there does not seem to be a need to change the design to further 
improve its safety functions.

Repository layout and acceptance criteria for deposition tunnels and deposition holes
As demonstrated in Section 14.3, the application of deposition acceptance criteria in the form of EFPC 
is important for limiting risk, both directly for mitigating the potential for canister shear failure due 
to earthquakes and indirectly for limiting the future high flows affecting the potential for advective 
conditions in the buffer and the potential for subsequent canister failure by corrosion. 

With regard to shear failure, it is, as argued in / Munier 2010/ likely that critical fractures that escaped 
detection by strict application of EFPC will indeed be detected by a carefully designed investigation 
programme and that it is likely that the number of potentially damaged canisters will be lower than 
predicted in this assessment. 

Regarding corrosion failure, application of EFPC significantly reduces the number of deposition 
holes with high Darcy flux, since there is a correlation, of uncertain magnitude, between fracture size 
and transmissivity. However, it can also be concluded that if it were possible to even better identify 
the few deposition hole positions having the largest Darcy flux during saturated conditions before 
canister emplacement, this would further reduce the already low risk, without any significant loss 
of useful canister positions.

From the viewpoint of BAT, the current EFPC provides adequate protection against shear failure, but 
there is reason to continue the efforts envisaged in the detailed investigation programme to be able 
to find critically large fractures by other means, since such efforts are also likely to result in criteria 
where less deposition holes would need to be rejected. Thereby, both a safer and a more efficient 
repository may be designed.

Application of EFPC is also important for protection against corrosion failures, but criteria directly 
connected to the flow properties would be preferable to such indirect criteria. In addition, there 
appears to be a potential for further enhancing safety by avoiding deposition holes with high inflows, 
even if the correlation between inflows during the operational phase and long-term flow characteristics 
is not one-to-one given the differences in boundary condition. Furthermore, the inflows will be 
disturbed by the open hole (“skin effects”) and grouting and there will also be a practical lower detec-
tion limit. Partly, these disturbances may be overcome by requiring that deposition holes intersected by 
fractures capable of providing inflows above a certain value are to be avoided. This suggests that the 
hydraulic properties of the fractures intersecting the borehole should be tested in the pilot hole prior 
to drilling the full size hole, thereby minimising skin effects, and that deposition holes intersected by 
fractures showing visible grout also should be rejected, since the presence of grout suggests that the 
fracture was quite transmissive before grouting.

The assessment in Section 14.3 also shows that the number of failed canisters due to corrosion 
would increase if there is an EDZ that is much more transmissive than the currently stipulated limit 
of 10–8 m2/s, but the assessment also shows that there is no need to apply a more restrictive limit, i.e. 
the number of failed canisters would not decrease even if there was no EDZ at all.

In conclusion, the analyses show that for the scenarios contributing to risk (corrosion and shear failure) 
it is essentially the details of the layout, like the exact position of deposition holes and what deposition 
holes would be accepted that is important. These details can only be finalised during repository 
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construction and operation and by application of the observational method using findings from the 
underground based detailed investigations and by applying the design premises for accepting deposi-
tion holes, as discussed in above. Thus, the question as to whether the repository layout is BAT can at 
this stage only be assessed based on these design premises. More specific feedback on these is given 
in Section 15.5.

Repository depth
As concluded from the assessment of the adequacy of the selected repository depth, presented in 
Section 14.3.4, the depth has mainly been decided by considering the hydraulic conditions at the 
Forsmark site, i.e. frequency and occurrence of transmissive fractures and their dependence on depth, 
whereas the constructability is mainly related to rock mechanical issues, e.g. the likelihood and extent 
of spalling in deposition holes prior to emplacement. More detailed conclusions are given below.

•	 Factors	relating	to	the	chemical	stability	safety	function	R1,	“Provide	chemically	favourable	
conditions”, are generally favourable at the selected depth. The only remaining chemical stability 
issues of concern for repository safety relate to the potential for a few deposition holes to experience 
groundwater with too low an ionic strength and to the presence of sulphide. Generally, the risk of 
penetration of dilute waters would decrease with increased repository depth. However, the few 
occurrences of such potential penetration are related to the scarce occurrence of highly transmissive 
migration paths in the generally very tight rock. There is no evidence that a practically realistic 
increase of the depth (i.e. in the order of a 100 m) would dramatically reduce the occurrence of 
such isolated paths – and it seems a better strategy to try to avoid them locally. Furthermore, 
there is no indication that the occurrence of sulphide is correlated to depth.

•	 Safety	function	R2a	“Transport	resistance	in	fractures,	F”	is	affected	by	repository	depth.	The	
travel paths of solutes in the groundwater will increase with increasing depth, but the resulting 
impact on the transport resistance would only be marginal. 

•	 Both	safety	functions	R2a	“Transport	resistance	in	fractures,	F”	and	R2b	“Equivalent	flow	rate	in	
buffer/rock interface, Qeq” are affected by repository depth, since fracture frequency and fracture 
transmissivity show depth dependence. However, the chosen repository depth below 450 m is 
sufficient to reach the low fracture frequency and low permeability rock volumes at Forsmark, 
and there does not seem to be any advantage in going deeper.

•	 Groundwater	pressure,	safety	function	R3a,	“Contributing	to	the	isostatic	load	on	the	canister”,	
increases with depth. However, compared with the buffer swelling pressure and hydrostatic 
pressures from a glacial overburden, the increased pressures are of marginal importance.

•	 Rock	stress	indirectly	affects	safety	function	R2b	“Equivalent	flow	rate	in	buffer/rock	interface, 
Qeq”, since the in situ stress determines the potential for thermally induced spalling. Stress 
in general increases with depth, but placing the repository at 400 m or 500 m depth does not 
significantly increase the risk for excavation-induced spalling in the deposition holes.

•	 The	in	situ	temperature	relates	to	safety	function	R4	“Provide	favourable	thermal	conditions”.	
The temperature increases with depth and this needs to be considered in the repository layout. 
However, given that this is considered in the repository design, there are no other detrimental 
effects of the elevated in situ temperature with depth.

•	 The	likelihood	of	freezing,	safety	function	R4,	decreases	with	increasing	depth.	The	analyses	in	
SR-Site have, however, demonstrated that freezing of the buffer can be considered as a residual 
scenario and also freezing of the deposition tunnel backfill at these depths can be ruled out.

•	 Surface	denudation	(erosion	and	weathering)	of	the	host	rock	is	has	been	estimated	to	generally	
be limited to a few metres or less per glacial cycle for the Forsmark repository site and some tens 
of metres for 1 million years. Therefore, surface denudation does not have to be considered when 
determining repository depth within the reference interval 400–700 metres.

•	 The	probability	of	inadvertent	human	intrusion	into	the	repository	decreases	with	increasing	depth.	
In general, intrusion to several hundred metres is considered unlikely in rock poor in resources.

In conclusion, the selected repository depth is adequate and changing the depth is not deemed to 
significantly reduce the calculated risk. Furthermore, a shallower location, e.g. above the 400 m 
level, might increase the risk, since the frequency of water conducting fractures is higher there. 
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Placing the repository some 100 m deeper would probably result in a risk contribution similar to 
the one obtained from the selected depth, whereas much deeper locations would imply that additional 
factors, such as very high stress levels, might need to be considered.

15.3.6 Confidence
The SR-Site assessment supports SKB’s application for a final repository, i.e. a major decision point 
in SKB’s programme for the management of spent nuclear fuel. A statement on the confidence in 
the results obtained in SR-Site is, therefore, appropriate. The confidence in the results obtained is 
assessed as sufficient for the decision at hand based on the following. 
•	 The	knowledge	of	the	Forsmark	site	from	the	completed,	surface	based	investigations	is	sufficient	

for the assessment of long-term safety. The site has favourable conditions for safety and no site-
related issues requiring resolution in order to demonstrate safety have been identified. Confidence 
in the site-descriptive model and in the understanding of the site is obtained by a systematic and 
quality assured programme for site investigations and site modelling. The confidence in the site 
model is assessed in detail and documented in the Site description Forsmark. Key properties 
of the site are documented in Chapter 4 of this main report.

•	 There	is	a	well	established	reference	design	with	specified	and	achievable	production	and	control	
procedures yielding an initial state of the repository system with properties favourable for long-term 
safety at the Forsmark site. The engineered parts of the repository system are based on demonstrated 
technology and established quality assurance procedures to achieve the initial state of the system. This 
is systematically documented in the Production reports and their underlying references as sum-
marised in Chapter 5. Examples of important aspects of the initial state of the engineered barriers 
include: 
a. The copper canister sealing quality.
b. The cast iron insert casting quality.
c. Buffer properties such as density and content of montmorillonite and impurities.
d. Backfill properties ensuring its ability to keep the buffer in place and to swell.
e. The quality of the approach to adapt the repository to the detailed conditions found 

 underground and the quality of the excavation technique.
f. The quality of the deposition technique.

 There is potential for additional optimisation when this reference design is developed and 
 implemented, as is further discussed in Sections 15.3.5 and 15.5.

•	 The	scientific	understanding	of	issues	relevant	for	long-term	safety	is	mature	as	a	result	of	
decades of research both within the Swedish and other national programmes and in international 
collaboration projects. The R&D efforts to understand repository evolution and safety have led 
to the understanding of key processes like copper corrosion, shearing of canisters and other 
potential canister failure causes, and of key phenomena controlling retardation. This knowledge 
is, in SR-Site, systematically documented in several reports in a format suitable for use in the 
safety assessment, see further Chapters 6 and 7. 

•	 The	SR-Site	main	report	and	its	supporting	documents	have	undergone	comprehensive	peer	
reviewing. In particular the scientific basis of the safety assessment has undergone review by 
recognised experts in the relevant fields of science.

•	 A	complete	analysis	of	issues	identified	as	relevant	to	long-term	safety	has	been	carried	out	
in SR-Site according to an established assessment methodology, described in Chapter 2 and 
comprising e.g. cautious approaches when addressing uncertainties.
 – The understanding of safety is built on a systematic identification of safety functions and 

criteria for the safety functions, see Chapter 8.
 – Repository evolution is analysed with a structured approach in several time frames, addressing 

in each of these the processes that have been identified as relevant and with the safety of the 
system, as expressed by the safety functions, as a focus, see Chapter 10. Data uncertainties and 
data quality are assessed and documented according to a pre-established template, described 
in Chapter 9. Quality assurance of models and modelling is achieved by following procedures 
documented in the Model summary report. The assessment is then broken down into a set of 
scenarios to exhaustively scrutinise all possible ways in which the identified safety functions 
could be impaired and the consequences of such situations, see further Chapters 11, 12 and 13. 
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 – Confidence in the key results of radionuclide transport and risk calculations is enhanced by 
the fact that they can often be closely reproduced with simple, analytical models, using the 
same input data as the fully qualified numerical models. 

 – The key results of radionuclide transport and risk calculations are overestimates since a number 
of pessimistic assumptions were made in the analyses, both regarding the extent of canister 
failures and regarding their consequences.

•	 Documented	quality	assurance	routines	have	been	applied	in	the	assessment	of	the	initial	state,	
in the development of the site description and in the analysis of long-term safety. A QA-plan, 
encompassing most of the routines followed in undertaking the steps described in the above 
points, has been established and implemented in SR-Site. This is part of the overall methodology 
followed in the assessment, as documented in Chapter 2.

Completeness, comprehensiveness
Also relevant for the confidence discussion is the issue of completeness or comprehensiveness of 
the assessment. This issue may be formulated through the following questions.

1. Have all factors relevant for long-term safety been identified? 

2. Have all identified factors been adequately treated in the assessment?

The following two points summarise the efforts made to ensure that all relevant factors have been 
identified, see also Section 2.8.3, in particular the subheading ‘System uncertainty’.

•	 Decades	of	systematic	and	documented	R&D,	in	international	collaboration	has	been	performed	
to achieve a sufficient knowledge of the repository system and its evolution. New phenomena 
have only rarely been identified in recent years, indicating that the scientific and technical 
foundation is mature. Several safety assessments have been performed throughout the years to 
obtain an integrated evaluation of the knowledge base and to provide feedback to the research 
programme.

•	 Systematic	and	documented	studies	of	factors	identified	by	other	organisations	have	been	made,	
e.g. by comparisons to internationally available FEP databases

The question of whether all identified issues have been adequately handled in the assessment is 
partly addressed in the confidence discussion above. A more complete answer is provided by the 
description of the methodology for the assessment described in Chapter 2. Of particular relevance 
is the systematic handling of uncertainties described in Section 2.8.3. The scenario selection and 
analysis is claimed to be comprehensive based on the systematic focussing of the scenario selection 
on safety functions and a systematic handling of factors that could impair safety functions, followed 
by a handling of combinations of scenarios. A formal check whether FEP’s omitted in earlier parts 
of the assessment are of negligible importance to safety in light of the completed scenario and risk 
analysis has also been made and is reported in Section 14.4.

The above points support the claim that the SR-Site assessment is comprehensive, whereas complete-
ness in a strict sense can never be proved. In this context it is, therefore, relevant to discuss possible 
consequences if completeness has not been achieved, for example if an important detrimental process 
remains unidentified despite all efforts to ensure the opposite. In its most extreme form, such a discus-
sion may take the form of the consequences of complete, early loss of safety functions. As evidenced 
by the section below, even very extreme and completely unrealistic assumptions regarding early barrier 
losses yield calculated doses that are comparable with those caused by natural background radiation. 

Based on the above reasoning, it is concluded that the SR-Site assessment is sufficiently comprehensive 
for its purposes.
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15.3.7 Bounding cases, robustness
In Section 13.7.3, a number of stylised, bounding cases illustrating complete, initial loss of important 
safety functions are analysed. The analyses led to the following conclusions.

•	 A	highly	hypothetical	calculation	case	with	an	initial,	large	defect	in	all	6,000	canisters	would	
yield peak dose consequences to the most exposed individuals in a fully populated landscape of 
about	700	μSv/yr,	corresponding	to	a	risk	of	about	5·10−5/yr, occurring in the 10,000 year time 
frame. After about 100,000 years, the calculated risk is about a factor of two above the risk limit 
of 10−6/yr.

•	 An	even	more	hypothetical	case	with	a	large	defect	in	all	6,000	canisters	and	with	no	buffer	
barrier present would yield peak dose consequences to the most exposed individuals in a fully 
populated	landscape	of	about	4,000	μSv/yr,	corresponding	to	a	risk	of	about	10−4/yr, occurring 
in the 10,000 year time frame. After about 100,000 years, the calculated risk is about a factor of 
two above the risk limit of 10−6/yr.

Several pessimistic assumptions, in addition to the completely fictitious losses of barrier functions, 
were made in the calculations of these cases. 

The results reported in Section 13.7.3 indicate that the calculated doses are comparable to or below 
the natural background radiation also for very severe losses of safety functions. For example, an initial 
total loss of the canister and buffer in all deposition holes yields, for the Forsmark site, doses that are 
comparable to those arising from background radiation. 

The bounding analyses also demonstrate the multi-barrier character of the KBS-3 system, which may 
be less evident from results of other analyses. For example, with intact canister and buffer properties 
the rock appears relatively unimportant, since most nuclides are retained already in these barriers. 
However, for the unrealistic case of complete initial failure of the canister and buffer barrier, the 
results in Figures 13-67 and 13-68 indicate that retention in the rock reduces the doses by about two 
orders of magnitude, clearly illustrating the importance of the rock. Furthermore, the rock is always 
important in providing a low groundwater flow, suitable chemical conditions and stable mechanical 
conditions.

15.3.8 Additional, general requirements on the safety assessment
Use of natural analogues
An account of natural analogues as a support for a safety assessment of a KBS-3 repository is given 
in Section 14.6. Both the role of natural analogues in safety assessments and the actual supporting 
arguments for specific repository materials and processes affecting them are discussed. 

In Section 14.6.5 it is concluded that the outcome of the natural analogue studies has been of a more 
qualitative than quantitative nature. The gathering of scientists and modellers in the international 
projects studying natural analogues has focussed the research efforts and method development, so 
that enough information is available for identifying processes and scenarios relevant to safety assess-
ments. Also, many natural analogues provide support to long-term safety analyses by improving 
general perception and understanding of the concept of a deep repository.

Furthermore, in cases where natural analogues provide useful information for the understanding of 
specific processes, this information is given in the Process reports, under a dedicated heading.

Quality assurance
A quality assurance plan has been developed and implemented, as described in Section 2.9. The plan 
encompasses e.g. the reviewing of central documents, quality assured FEP management and the fol-
lowing of pre-established templates when documenting essential information regarding e.g. process 
understanding and input data in the safety assessment. A description of quality assurance relating to 
models and modelling is given in the SR-Site Model summary report.
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More generally, SKB applies a management system that fulfils the requirements of ISO 9001:2000 
and that has been certified by DNV Certification AB, Sweden. In accordance with SKB’s procedures 
for project management, described in the management system, quality assurance plans for the Spent 
fuel project (Kärnbränsleprojektet), of which SR-Site is a sub-project, and for the SR-Site project 
have been developed and implemented. The QA plan for the SR-Site project (SDK-003) builds on 
the QA-plan developed for the SR-Can project / SKB 2006a/, which has been extended and adapted 
to fulfil the general requirements on a project supporting the application to build a final repository, as 
specified in the QA plan for the Spent Fuel project (SDK-001). Other sub-projects of the Spent Fuel 
project have their own specific quality assurance plans, developed so as to conform to the general 
requirements in the QA plan for the Spent fuel project. In addition, all sub-projects that provide input 
to the SR-Site project are required to fulfil the general requirements on quality assurance as specified 
in the SR-Site QA plan.

Handling of uncertainties
A systematic handling of uncertainties, addressing system uncertainty, conceptual/model uncertainty 
and data uncertainty has been applied. The systematic handling of FEP’s, as documented in the FEP 
report is a key component in assuring that all relevant factors are considered in the assessment. 
Uncertainties regarding the understanding and modelling of processes of importance for long-term 
safety are addressed in the Process reports, according to the template for process documentation. 
Data and data uncertainties for modelling are qualified in the Data report, according to the template 
for data qualification. 

The analyses in the reference evolution aim at reducing the number of uncertainties requiring further 
consideration and at identifying and quantifying uncertainties that need to be propagated to subse-
quent parts of the assessment. These latter uncertainties are addressed in later parts of the reference 
evolution and/or in the subsequent analyses of additional scenarios. 

Further details regarding the integrated handling of uncertainties in SR-Site are provided in 
Section 2.8.4.

15.4 Design basis cases 
Feedback from assessments of long-term safety is a key input to the refinement of the design of the 
KBS-3 repository and is also recommended by regulations. The recommendations to the regulation 
SSMFS 2008:21 state the following: “Based on scenarios that can be shown to be especially 
important from the standpoint of risk, a number of design basis cases should be identified. Together 
with other information, such as on manufacturing method and controllability, these cases should be 
used to substantiate the design basis22 such as requirements on barrier properties.”

A first set of design basis cases was formulated in the SR-Can main report / SKB 2006a, Section 13.4/ 
and feedback to canister and repository design was given in Sections 13.5–13.6 of the SR-Can main 
report / SKB 2006a/. This was further developed into requirements termed design premises in a report 
entitled “Design premises for a KBS-3V repository based on results from the safety assessment SR-Can 
and some subsequent analyses”, / SKB 2009a/. Design premises typically concern specification on what 
mechanical loads the barriers must withstand, restrictions on the composition of barrier materials or 
acceptance criteria for the various underground excavations.

As further described in Chapter 5, and in the Production reports, these design premises formed the 
basis for establishing and justifying the reference design being assessed in SR-Site, although most of 
the design was developed before these design premises were formally established.

As already envisaged when the design basis cases and the design premises were first presented in 
/ SKB 2009a/, the design premises may be modified in future stages of SKB’s programme, e.g. after 
major updates of the safety assessment or as a result of reviews of the safety assessment. Reasons for 

22 The cited text is from the current SSM, unofficial, translation of the regulation. In the official Swedish 
version,	the	word	“design	basis”	is	“konstruktionsförutsättningar”,	which	in	most	other	cases,	including	the	
SKB usage, is translated into “design premises”.
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such modifications include results of analyses based on more detailed site data and a more developed 
understanding of processes of importance for long-term safety. Based on the findings of SR-Site, 
feedback to a potential update of the design basis cases is provided in this section, whereas detailed 
feedback to the design premises is provided in Section 15.5.

15.4.1 General
The approach for arriving at design basis cases was outlined in the SR-Can main report / SKB 2006a/, 
Section 13.4, and was further elaborated in / SKB 2009a/. This approach is judged adequate, but is 
for completeness repeated here, with obvious modifications with regard to references. 

As stated in SSM’s recommendations, the purpose of identifying design basis cases is to provide 
input to the formulation of requirements on barrier properties. This process is iterative and contains 
several elements.

1. Establishment of a repository reference design, i.e. a barrier system with a chosen set of properties, 
see the Production reports and Chapter 5 of this report. 

2. Identification of the safety functions the system should fulfil over time, see Chapter 8.

3. Identification of the stresses the system will be subject to over time, potentially jeopardising safety. 
This is done in Chapter 10 (the reference evolution) and further in the scenario analyses in Chapter 12.

4. A quantitative analysis of how the identified stresses affect safety for the established design. This 
analysis is provided in Chapters 10, 12 and 13. The load situations occurring in the scenarios that 
are particularly important from the standpoint of risk, i.e. a set of design basis cases, are briefly 
summarised below in this section. These provide important input to the formulation of the design 
premises.

5. Conclusions regarding the sufficiency of the chosen set of properties or recommendations regarding 
possible improvements. This is important feedback to the design process.

6. The derivation of modified requirements on barrier properties based on step 5, leading to a modified 
design for which the above steps can be repeated.

For a particular safety assessment, a certain repository design, step 1, is hence provided. Steps 2, 3, 4 
and 5 essentially constitute the safety assessment. Step 6 is, however, not formally within the scope 
of the safety assessment, see further below. 

Scenarios
It is clear from the analyses in the SR-Site assessment, as it was in SR-Can, that scenarios related to 
canister corrosion for an eroded buffer and to shear movements are most important from the standpoint 
of risk. In addition to these most important scenarios from the standpoint of risk, canister failure 
scenarios that did not contribute to risk, since the assumed design was sufficient to prevent failures, 
have also been considered among the design basis cases, although this is not a strict requirement in 
the nuclear safety regulations. The only such scenario identified in SR-Site is canister failures due to 
isostatic loads. Although such failures do not contribute to the calculated risk, the canister’s resistance 
to isostatic loads is an important component of the design basis. Other scenarios than those leading to 
canister failures are not considered, since such scenarios do not, by definition, cause any risk. However, 
the canister failure scenarios encompass a number of other scenarios relating to the buffer and to the 
host rock and these are thus included in the design basis cases. 

Time scale
The design basis cases also depend on the time scale considered. For times longer than 100,000 years 
the recommendations to the regulation SSMFS 2008:37 state that: “A strict quantitative comparison 
of calculated risk in relation to the criterion for individual risk in the regulations is not meaningful. 
The assessment of the protective capability of the repository should instead be based on reasoning on 
the calculated risk together with several supplementary indicators of the protective capability of the 
repository such as barrier functions, radionuclide fluxes and concentrations in the environment.” 
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The likelihood that detrimental events, like large earthquakes and major ice sheets, would occur 
increases with time. The detrimental effects of some continuous processes, like canister corrosion, also 
increase with time. Following the recommendation, a strict application of the risk criterion is relevant 
in a 100,000 year time scale and since the design basis cases are to be derived from scenarios that are 
important from the standpoint of risk, this could be taken as an indication that the design basis should 
also be developed for this time frame. However, the principle of best available technique (BAT) applies 
over the one million year assessment time. It does not seem reasonable to develop the design premises 
for the timescale of 100,000 years and then use the one million year time scale when the principle of 
BAT is applied. Therefore, the one million year time scale is considered also when the design premises 
are developed. 

This does not, however, mean that the repository must be designed to withstand all loads identified 
in the safety assessment in a one million year perspective. The design must be such that the requirements 
on risk and BAT are met and this may well be compatible with the occurrence of some detrimental 
effects on the barriers during the assessment period. 

Integrated approach
There is a considerable amount of information in SR-Site that can be used to evaluate the current 
design premises for a KBS-3 repository, but as concluded already in SR-Can, there are few, if any, 
load cases on individual barriers that can be directly derived from the external conditions alone. 
For example, the isostatic load on the canister will depend not only on the external conditions like 
the size of a future glacial load and associated groundwater pressure, but also on the depth of the 
repository and the design of the buffer, that determines its maximum swelling pressure. The situation 
regarding shear movements on the canister is even more complex: This depends on external factors 
like probabilities of future large earthquakes, but also on the fracture distribution in the rock in the 
deposition area, how the layout of the deposition area and deposition holes is adapted to the site 
conditions, and the material properties of the buffer.

The load on one barrier will thus depend on the design of other barriers and on the site properties, 
meaning that the design premises must be determined for the entire barrier system in an integrated 
manner, and in some respects also site specifically. It also means that there is a range of different 
combinations of barrier and site properties that could provide a similar performance of the repository. 
The role of the safety assessment in this context is to provide input to the derivation of design premises, 
in the form of external loads the barrier system should sustain, informed by the calculated risk and, 
later, to audit the specific design and construction outcomes. It is, however, beyond the scope of the 
safety assessment report to develop the specific design. However, safety assessment competence is 
required for the appropriate formulation of the design premises.

The following is a summary of the most important results, concerning the external loads the barrier 
system will be exposed to, that need to be considered when the design premises are developed. It 
furthermore serves as an introduction to the more detailed discussion on feedback to canister and 
repository design in Section 15.5.

15.4.2 Canister: Isostatic load 
The isostatic load on the canister depends on groundwater pressure and on the swelling pressure of 
the buffer. It is pessimistically assumed that the sum of these two pressures determines the isostatic 
load. The detailed assessment of the isostatic collapse load scenario in Section 12.7 concludes that a 
maximum swelling pressure of 15 MPa could occur in the buffer, the groundwater pressure is around 
4.5 MPa at Forsmark for ice-free conditions and an additional ground water pressure of at most 30 MPa 
could occur as a result of a maximum glacial load supported by geological palaeo-ice-sheet evidence. 
The sum of these loads is 49.5 MPa. However, considering that the combined impact of swelling 
pressure and hydrostatic load is somewhat smaller than this sum, this, as suggested in Section 12.7.5, 
results in a total pressure of around 46.5 MPa. The assessment of canister strength concludes that 
the margin to total collapse (90 MPa), i.e. the criterion for canister failure, is considerable. 
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In SR-Can it was concluded that “If the canister is emplaced in a buffer with a density in the range 
1,950–2,050 kg/m3, corresponding to swelling pressures up to 15 MPa, the canister should withstand 
an isostatic load of 45 MPa. Thereby the global collapse due to isostatic load will remain a residual 
scenario, with no risk contribution.”

While the essential message is still true, there is a need to revise this statement such that it takes into 
account the uncertainty in future ice thickness. An upper bound is the largest ice thickness inferred for 
Pliocene ice sheets, including today’s largest ice thickness that is found in East Antarctica (~4,500 m). 
This corresponds to an isostatic load from the ice of 40 MPa. This would correspond to a total load 
of 60 MPa, but this upper bound is judged extreme.

From the standpoint of risk, it is important to realise that the isostatic loads mentioned above, at 
least the (dominating) contribution from the groundwater pressure at repository depth, is likely to 
affect all canisters simultaneously. If the canisters are not designed to sustain these loads, a substantial 
number of canisters could potentially fail simultaneously. This is different from cases where the natural 
variability of the host rock affects the load situation, e.g. as concerns the likelihood of a large fracture 
intersecting a deposition hole. 

The canister may be subjected to asymmetric loads during different phases in the repository evolution. 
This could temporarily occur due to uneven water saturation in the buffer and lack of straightness 
of the deposition hole. Permanent asymmetric loads may occur due to an uneven buffer density 
distribution after water saturation in combination with lack of straightness of the deposition hole. 
However, as seen in Section 10.3.9, the swelling pressure around the canister is expected to be 
homogenised and significant asymmetric loads are expected to be rare and thus to affect only a small 
fraction, if any, of the deposition positions. Such cases are useful to consider when assessing the iso-
static load case but have too low a probability to be considered to coincide with the low probability 
shear load case discussed in the next section. 

15.4.3 Canister: Shear movements
In rare cases, detrimental shear movements may occur as a consequence of earthquakes that could 
induce secondary movements in fractures intersectingdeposition holes. As was concluded in / SKB 
2009a/, the response of the canister to shear loads depends on a number of factors. The most 
important ones are:

•	 The	magnitude	and	location	of	the	earthquake.

•	 The	length	over	which	the	intersecting	fracture	is	sheared.

•	 The	velocity	of	the	fracture	shear	movement.

•	 The	angle	of	intersection	of	the	fracture	and	its	position	in	relation	to	the	main	axis	of	the	canister.

•	 The	buffer	mechanical	properties,	many	of	which	depend	strongly	on	the	buffer	density.

•	 The	canister	geometry	and	properties	of	the	canister	materials	like	Young’s	modulus	and	fracture	
toughness.

•	 The	temperature	of	the	canister	and	buffer	at	the	time	of	the	event.

The combined effect of all these factors determines if the canister will withstand a shear load. 

The following design basis case was formulated in / SKB 2009a/ with respect to shear movements: 
“The copper corrosion barrier should remain intact after a 5 cm shear movement at 1 m/s for buffer 
material properties of a 2,050 kg/m3 Ca-bentonite, for all locations and angles of the shearing 
fracture	in	the	deposition	hole	and	for	temperatures	down	to	0°C.	The	insert	should	maintain	its	
pressure-bearing properties to isostatic loads.”

The Canister production report, see also Section 5.4, demonstrates that the current canister 
reference design fulfils these requirements. However, in order to meet these requirements rigorous 
requirements on manufacturing and NDT capability (especially of the insert) need to be imposed. 
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The potential for shearing is further assessed in SR-Site, Section 10.4.5 and in Section 12.8, and it 
is found that on average less than one deposition hole will experience shear movements larger than 
0.05 m over 106 years, resulting in canister failure if it is assumed that the canister will actually fail if 
the load exceeds that of the design basisvalue. In reality, there will be even less failures, since i) the 
buffer in most deposition holes will have lower density than the maximally allowed value, ii) since 
there are only a few fracture angles and locations that would lead to failure at 5 cm shear, and iii) the 
copper shell elongation and creep ductility achieved in the pilot production implies there is a margin 
between the now assumed direct failure of the copper shell when the acceptable defect size in the 
insert is exceeded and the actual performance of the copper shell during a shear movement. 

Furthermore, only few canisters would potentially be subject to shear movements of a detrimental 
magnitude. The majority of the canisters would be expected to experience only negligible shear move-
ments, since their deposition holes would be intersected by only small fractures, if any. It is thus only 
a small fraction of the deposition holes that are expected to have properties that require the canisters to 
withstand a 5 cm shear movement. To the extent that a distribution of shear movement resilience can 
be determined for the ensemble of canisters, taking into account e.g. manufacturing flaws, the potential 
part of the distribution not fulfilling the design requirements should be evaluated against the distribu-
tion of deposition hole properties in order to estimate the likelihood that a canister will experience 
shear failure.

Generally, the canister’s resilience to a shear movement decreases with decreasing temperature. The 
thermal analyses in Sections 10.4.3 and 12.3 show that extreme and unrealistic climate conditions 
are	required	to	obtain	temperatures	below	0°C	at	repository	depth.	Therefore,	temperatures	below	
0°C	need	not	be	considered	for	the	shear	case.

As described in Section 10.3.10 there is no reason to believe that there would be mineralogical changes 
in the buffer that would lead to substantial changes of the mechanical or hydraulic properties over the 
assessment timescale. However, there are experimental results showing that the mechanical properties 
of bentonite can be altered if the material is exposed to an elevated temperature in a saturated state 
/ Dueck 2010/. On the other hand, assuming that buffer material around the canister is converted to 
a cement-like material with no swelling pressure, an increased E-modulus and shear strength, yields 
small effects in the shear analyses. It is thus considered that cementation of buffer material does not 
need to be included in the design basis case for shear movement.

The following are concluded. 

•	 The	risk	contribution	from	canister	failures	due	to	shear	movement	is	considerably	lower	than	
the regulatory risk limit, meaning that the current design basis case is sufficiently restrictive.

•	 The	design	basis	case	constitutes	a	balance	between	requirements	on	the	canister,	on	the	buffer	
and on the repository layout, the latter through the requirement on a maximum shear magnitude 
of 5 cm. In a revision of this design basis case, for example the following may be considered, 
provided that the resulting calculated risk from shear movements is comparable to or smaller than 
that in SR-Site: 
−	 Given	the	technical	challenges	in	meeting	the	rigorous	requirements	on	manufacturing	and	

NDT capability, it might be appropriate to relax the requirement on the canister, e.g. by 
requiring resilience to a smaller allowed shear movement or to a less stiff bentonite. 

−	 There	is	a	potential	to	redefine	the	requirements	on	buffer	density,	i.e.	to	lower	the	upper	
bound in the density interval in light of the achieved limits in the current pilot production. 
This would lessen the requirements on manufacturing and NDT for the canister.

−	 The	maximum	shear	movement	may	be	reconsidered.	However,	increasing	the	limit	beyond	
5 cm would mean increased demands on the canister design given the current capability of 
analysing the response of the canister/buffer system to shear movements. Decreasing the 
limit would mean an increased calculated risk with the current repository design, since more 
canisters would experience such movements, alternatively a decreased limit would impose 
unrealistic demands on the repository layout in order to avoid the movements.
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15.4.4 Canister: Corrosion load
One of the three long-term safety functions of the canister is to provide a corrosion barrier and a 
discussion of design basis cases as regards corrosion is, thus, required. The role of the safety assess-
ment regarding corrosion loads is not merely to specify the loads, but also to calculate the resulting 
corrosion depths. A more direct feedback can therefore be given in terms of the sufficiency of the 
canister thickness assumed in the safety assessment and sensitivities to variations in that thickness.

In / SKB 2009a/ the following was concluded with regard to the design basis case related to the cor-
rosion load: “…the copper thickness should be chosen so that the number of failed canisters due to 
corrosion does not exceed what is acceptable with respect to the risk criterion for 100,000 years. In 
SR-Can it was shown that 5 cm is sufficient for meeting the risk criterion. Thus a nominal thickness 
of 5 cm will be the required design premise for SR-Site.”

While SR-Site generally shows that the requirement on nominal thickness provides an adequate 
corrosion barrier, it is nevertheless justified to assess the findings from the updated corrosion assess-
ments made in SR-Site.

In Sections 10.2.5 and 10.3.13, the resulting corrosion depths for various corrosion processes are 
shown to be in the order of a few mm for an intact buffer, with its intended swelling pressure and 
transport properties. 

In Section 10.4.9, the corrosion for a case with a partially eroded buffer is assessed, and the sensitivity 
is further analysed in the corrosion scenario (Section 12.6.2). The results show that the calculated 
mean number of failed canisters in one million years is between 0 and 2. This span of number of 
failed canisters covers uncertainties regarding the buffer erosion process, the variability in the hydro-
geological DFN models and uncertainties in the sulphide concentration distribution, as well as 
uncertainties in the conceptual model of corrosion geometry (part of the copper surface that is 
corroded by the sulphide transported to the canister).

When assessing BAT, see Section 14.3.2, copper thicknesses of 2.5 and 10 cm have been evaluated. 
The results show that increasing the copper thickness to 10 cm reduces the mean number of failed 
canisters at one million years by a factor of about 3 while halving the thickness to 2.5 cm increases 
the number by about a factor of 2, see Figure 14-6. Potential problems of manufacturing and sealing 
a thicker canister have not been considered in this analysis.

In the evaluation of the corrosion, the copper thickness achieved for the reference design with current 
production and QA procedures is used. For the shell and the bottom and lid, the manufactured thickness 
is considered not to be less than 45 mm, which can be taken as a lower limit for the manufactured 
thickness. To evaluate the significance of the occurrence of small areas with lesser copper thickness 
(weld area, or surface defects from transportation and handling) probability aspects (small areas 
for a few canisters to coincide with a few deposition holes with high flow) are considered in the 
assessment.

In conclusion, corrosion in the case of a partially eroded buffer is the only risk contribution from can-
ister failures due to corrosion. The design basis case relevant for the assessed repository at Forsmark 
should be the one assessed in SR-Site, considering uncertainties regarding the buffer erosion process, 
the variability in the hydrogeological DFN models and uncertainties in the sulphide concentration 
distribution, as well as uncertainties in the conceptual model of corrosion geometry. Furthermore, given 
the relative insensitivity of the number of failed canisters to the copper thickness it is clear that design 
premises derived from this design basis case cannot be given in the same detail as the production speci-
fication and thus specifying the thickness in the centimetre scale is seen as a more appropriate output.

15.4.5 Buffer
The design basis cases for the buffer formulated in / SKB 2009a/ consisted of a list of external chemical, 
mechanical and thermal loads the buffer will be subjected to during the 106 years assessment period. 
Generally, this list of loads has not changed much, but since the understanding of factors influencing 
buffer stability has evolved since SR-Can this design basis is reformulated here. 
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The listed external loads that may affect the buffer are based on a thorough understanding of the safety- 
related functions of the buffer in the repository, i.e. on the role of the buffer in the safety concept and 
the expected variations in the chemical environment of the buffer, see Chapter 10. Based on this, 
the following chemical and thermal environment for the buffer should be considered.

•	 Generally,	most	deposition	holes	will	experience	a	salinity	with	ionic	strength	Σq[Mq+]	>	4	mM	
charge equivalent. However, up to 2 percent of all deposition holes may experience salinities 
below this value at some time in the overall glacial cycle.

•	 Groundwaters	with	a	TDS	up	to	20g/L	may	occur	in	the	scenarios	analysed	in	SR-Site.	This	should	
not pose a threat to the buffer functions.

•	 The	pH	may,	at	least	for	short	periods	be	up	to	pH	11.	Specifically,	an	initial,	short	term	high	
pH load cannot be excluded and should also be acceptable, based on mass balance arguments. 
Consequently, the buffer should sustain such conditions, as indeed is shown to be the case for 
the reference buffer design assessed in SR-Site (see Section 10.3).

•	 The	buffer	may	also	be	exposed	to	isostatic	pressures	up	to	34.5	MPa.	As	was	concluded	
in SR-Can, the buffer materials analysed are not negatively affected by such pressures, see 
Section 10.4.8, sub-heading Liquefaction. 

•	 Regarding	shear	movements,	see	the	discussion	of	this	issue	for	the	canister	above.
•	 The	function	indicator	criterion	for	buffer	freezing	is	pessimistically	assessed	to	be	−4°C,	see	

Section 8.3.2. As shown in Section 12.4, the groundwater at repository depth will never freeze, 
which	means	that	the	−4°C	criterion	for	the	buffer	material	is	an	achievable	design	premise	for	
the buffer.

15.5 Feedback to assessed reference design and related 
design premises 

15.5.1 Introduction
SR-Site has assessed a specific reference design based on specific design premises. In this feedback 
section, the safety aspects of the reference design are addressed and feedback given as to whether 
there is reason to consider revisions of the reference design and/or of the design premises as they 
were formulated in / SKB 2009a/.

The reassessment of the design basis cases, as well as other conclusions reached within SR-Site, 
can also be used as input for revising the specific design premises listed in / SKB 2009a/. 

Since SR-Site demonstrates a sufficient level of safety for a repository at Forsmark constructed in 
accordance with the reference design, conforming to the design premises presented in / SKB 2009a/, 
the remaining reasons to revise these design premises are:

•	 Considering	whether	a	refined	formulation	or	requirement	could	significantly	enhance	the	resulting	
safety, while considering if such a change is realistically achievable.

•	 Feedback	from	the	design	and	production	(Production reports) including possibilities to verify 
the design premises both in design and production.

•	 Adjustment	of	premises	proven	to	be	unnecessary	or	providing	no	or	little	enhancement	of	safety.
•	 Clarification	of	wording,	corrections	and	other	minor	modifications	in	order	to	enhance	clarity.

Reasons to revise the reference design include:

•	 Challenges,	e.g.	complex	or	less	well	founded	demonstrations	verifying	that	the	reference	design	
will conform to given design premises.

•	 Proposed	changes	in	design	premises.
•	 Further	refinement	and	development	of	methods	for	production,	installation	and	inspection	

promoting improvements within the framework of the reference design.
•	 Research	and	development	resulting	in	alternative	designs	that	are	e.g.	easier	to	implement	and	

with potential to maintain the barrier functions and safety.
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Based on these general principles most of the already stated design premises and associated reference 
designs are judged adequate as they are, whereas some can usefully by modified or elaborated. A more 
detailed assessment is presented in the following subsections. 

15.5.2 Canister mechanical stability – withstand isostatic load
In / SKB 2009a/ it is stated that:

“The canister shall withstand an isostatic load of 45 MPa, being the sum of maximum swelling 
pressure and maximum groundwater pressure.”

As stated in Chapter 5, and shown in the Canister production report, canisters can be designed and 
manufactured in conformity to the stated design premise with respect to isostatic load. The detailed 
assessment of the isostatic collapse load scenario in Section 12.7 confirms the conclusion reached 
already in SR-Can that such canisters will not fail due to any foreseeable isostatic load during the 
assessment period. However, the analysis also suggests that future loads may be somewhat higher than 
45 MPa, and a value of 46.5 MPa is considered. Considering the uncertainty in future ice thickness, 
a margin to the largest ice thickness analysed in SR-Site analyses in SR-Site might be considered. 
It should also be noted that the potential changes of buffer density would in principle affect this 
design premise, but the changes suggested are too small to be of significance for this aspect.

Feedback to design premises
Current design premises on isostatic load should be revised to consider the uncertainty in future 
ice thickness. One upper bound for such a margin would be the largest ice thicknesses inferred 
for Pliocene ice sheets, including today’s largest ice thickness found in East Antarctica, which is 
~4,500 m. This corresponds to an isostatic load from the ice of 40 MPa. This would correspond to a 
total load of 60 MPa, but this upper bound is judged extreme.

Feedback to reference design
The current reference design is appropriate with regard to its insensitivity to the isostatic load.

15.5.3 Canister mechanical stability – withstand shear movement
In / SKB 2009a/ it is stated that: “The copper corrosion barrier should remain intact after a 5 cm 
shear movement at a velocity of 1 m/s for buffer material properties of a 2,050 kg/m3 Ca-bentonite, 
for all locations and angles of the shearing fracture in the deposition hole, and for temperatures down 
to	0°C.	The	insert	should	maintain	its	pressure-bearing	properties	to	isostatic	loads.”

As already concluded in Section 15.4.3, a canister in conformity to the stated design premises would 
on average result in less than one failed canister over 106 years, even if it is assumed that the canister 
will fail directly if the load exceeds the design value. In reality, there will be even less failures, since 
i) the buffer in most deposition holes will have lower density than the maximally allowed value, ii) 
since there are only a few fracture angles and locations that would lead to failure at 5 cm shear, and 
iii) the copper shell elongation and creep ductility achieved in the pilot production implies that there 
is a margin between the currently assumed immediate and complete failure of the copper shell when 
the acceptable defect size in the insert is exceeded and the actual performance of the copper shell 
during a shear movement.

As stated in Section 5.4, and shown in the Canister production report, the current canister reference 
design conforms to the stated design premises, but it is also noted that this implies that rigorous 
requirements on manufacturing and NDT capability need to be imposed. On the other hand, the 
sensitivity to shear load is an integrated canister/buffer problem and larger loads could be managed if 
the buffer density was lower. Given the experience in producing and controlling the buffer density, 
as assessed in the Buffer production report, a feasible approach for relaxing the requirements on 
the canister would be to modify the requirements on the maximum allowed buffer density.
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Feedback to design premises
Given the technical challenges in meeting the rigorous requirements on manufacturing and NDT 
capability, it might be considered appropriate to relax the requirement on the canister, provided that 
the requirement on the buffer density is modified such that the risk contribution from shear load is 
less or equal to that than in SR-Site. 

The probability of shearing more than 5 cm is very low, and there seems to be little to gain from 
changing this shear magnitude criterion in either direction (see further Section 15.4.3).

Feedback to reference design
The current reference design is judged adequate. However, there is the potential for an adjustment of 
the design premises that may allow some relaxation of the requirements on manufacturing and NDT 
capability.

15.5.4 Provide corrosion barrier – Copper thickness 
In / SKB 2009a/ it is stated that there should be a: “A nominal copper thickness of 5 cm, also 
considering the welds.”

As already concluded in Sections 14.3.2 and 15.4.4, the requirement of a 5 cm nominal thickness 
provides an adequate corrosion barrier and the derivation of more detailed criteria on copper thickness 
is not warranted.

Feedback on design premises
Even though the design premise is expressed as a nominal copper thickness of 5 cm, a more detailed 
criterion can be derived, allowing for tolerances in the manufacturing. For the shell, and the bottom 
and lid, the manufactured copper thickness achieved for the reference design with current production 
and QA procedures is considered to be not less than 45 mm, which can be taken as a lower limit for 
the manufactured thickness.

Feedback on reference design
Current reference design is considered adequate, but is should be clarified that the lower limit for 
the manufactured thickness for the shell, the bottom and lid, including tolerances, is 45 mm.

15.5.5 Canister material etc 
/SKB 2009a/ provides some detailed design premises regarding the copper content in the cast iron, 
limits on other elements in the copper, the maximum amount of water left in the insert, the hydrogen 
content in copper material, maximum temperatures and allowed radiation levels. The risk analysis 
in SR-Site does not provide any direct feedback on these design premises, but the further analyses 
made and presented in e.g. the Fuel and canister process report may allow some further elaboration 
of these design premises, by enhancing the foundations for the limits given and for adjustment of 
some limits also to address allowable tolerances. 

15.5.6 Durability of the hydromechanical properties of the buffer material 
In / SKB 2009a/, regarding “durability of the buffer material with respect to chemical and thermal 
loads”, it is stated that:

“After swelling, the buffer should uphold the minimum swelling pressure 2 MPa and the hydraulic 
conductivity should not exceed 10–12 m/s independently of dominating cation and for chloride con-
centrations up to 1 M. After swelling, the shear strength of the buffer must not exceed the strength 
used in the verifying analysis of the canisters resistance against shear loads. These conditions apply 
for	temperatures	down	to	0°C	and	temperatures	up	to	100°C.”
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As concluded in Section 15.4.5, the design basis concerning the external chemical, mechanical and 
thermal loads that the buffer will be subjected to during the 106 years should be revised relative to 
the one formulated in / SKB 2009a/. Consequently, the related design premises should be revised to 
reflect this change.

The assessment in Chapter 10 shows that the buffer function indicator criteria are upheld for all 
conceivable chemical and thermal conditions during the assessment period, as long as not too much 
buffer mass is lost, initially or due to erosion. The initial state is to be ensured by the procedures 
described in the Buffer production report. Mitigating loss of buffer due to piping erosion can be 
handled by selecting deposition holes where the potential for excessive piping erosion is avoided 
(see further Section 15.5.13). 

It is concluded in Section 10.3.9 that when large amounts of bentonite are lost or missing from start, 
the bentonite swells and fills the empty space but the density and resulting swelling pressure is locally 
rather low due to the friction in the buffer and the friction against the rock surface. In such cases, 
the swelling pressure may at least locally fall below 1 MPa, depending on internal friction in the 
material and the smoothness (friction) of the rock wall. Advective conditions in the buffer can occur 
if the hydraulic conductivity is sufficiently high. The buffer function indicators prescribe a hydraulic 
conductivity of 10−12 m/s and a swelling pressure of 1 MPa to rule out advection in the buffer. These 
values do, however, have some safety margins included in them. 

In the discussion about margins for the safety function indicator criteria, in Section 8.3.5, it is stated 
that, for the hydraulic conductivity, the margin is related to the hydraulic gradient and the diffusivity 
of the species in question, and that the margin is considerable. In practice, the hydraulic conductivity 
of the buffer will rarely determine whether diffusion will prevail as the dominating mechanism for 
transport. As the swelling pressure drops, the possibility for pathway formation in the buffer increases. 
There is an effect of the hydraulic gradient and possibly of salinity. Laboratory samples show piping 
at ~60 kPa. In a situation with piping, the bulk hydraulic conductivity becomes irrelevant. According 
to the analysis a minimum dry density of 1,000 kg/m3 is required, corresponding to a void ratio of 
1.75. This requirement is still met across almost the entire buffer diameter when two whole bentonite 
rings are omitted, corresponding to a dry mass loss of 2,400 kg. It should be noted that even though 
the margin for the safety function indicator criterion for the swelling pressure is more than an order of 
magnitude, the margin for mass (density) loss is only about a factor of two.

For the case when the buffer erodes by colloid formation, the mass loss may be quite local and it is 
appropriate to consider the limit for losses over typically half the circumference, i.e. a loss of 1,200 kg, 
which also would cover the situation when the loss occurs closer to the centre of the canister. This 
value still includes some pessimism, since homogenisation in the horizontal direction is neglected.

As	concluded	in	Section	10.4.7,	the	ionic	strength	of	the	groundwater;	Σq[Mq+], will fall below 4 mM 
charge equivalent i.e. violating safety indictor criterion R1c, for some deposition holes during some 
part of the glacial cycle. This means that colloid release may occur from these holes and from 
sections of the backfill. More specifically, it is concluded in Section 10.4.7 that less than two percent 
of the deposition hole positions may be assumed to experience dilute conditions during a glacial 
cycle, and they will only experience these conditions during a fraction of the time. While there still 
is uncertainty with respect to modelling of colloid formation and subsequent erosion of the buffer 
material and the modelling approach thus tends to be pessimistic, as discussed in Section 10.3.11, it 
seems clear that the process as such is real and that it cannot with current understanding be defensibly 
mitigated by e.g. selection of another buffer material.

It is concluded in Section 10.3.10 that an increased temperature may have an effect on the mechanical 
properties	of	the	bentonite,	but	the	effect	is	not	very	pronounced	even	at	150°C	and	does	not	seem	to	
progress with time. However, this effect is discussed in the evaluation of shear load on the canister, 
see Section 10.4.5. In Sections 10.3.10 and 12.4 it is concluded that the increased temperature will 
have no significant effect on the mineralogical properties of the buffer.

As demonstrated in Sections 10.4.3 and 12.3, buffer freezing can be excluded also for the case of a 
partially eroded buffer.
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Feedback to design premises
The requirements on minimum swelling pressure and hydraulic conductivity should be revised such 
that they reflect the current safety function indicator criteria, i.e. the minimum swelling pressure should 
be 1 MPa rather than 2 MPa. The design premises should also be revised such that the conditions under 
which minimum swelling pressure, hydraulic conductivity and shear strength should be maintaine-
dreflect the conditions listed in the design basis. However, as SR-Site shows that safety is maintained, 
even if a very small fraction of deposition holes loses the buffer due to a groundwater composition 
with	the	ionic	strength	Σq[Mq+] below 4 mM charge equivalent and since the impact of such conditions 
cannot be dramatically mitigated by e.g. selection of another buffer material, the design premise 
would	not	need	to	consider	groundwaters	with	ionic	strength	Σq[Mq+] below 4 mM charge equivalent.

Feedback to reference design
Currently analysed examples of buffer materials are judged adequate. There are differences between 
the two considered bentonites. The differences mainly concern their geochemical evolution. However, 
as shown in Section 10.3.10, both materials are affected by the geochemical conditions at the site 
and their differences will decrease with time. There are no identified significant differences in the 
long- term performance of the two materials.

15.5.7 Installed buffer mass 
In / SKB 2009a/ it is stated, regarding “buffer density”, that: “The initially deposited buffer mass 
should be such that it corresponds to a saturated buffer density in the volume initially filled with buffer 
that is: less than 2,050 kg/m3 to prevent too high shear impact on canister (see 3.1.2), and higher than 
1,950 kg/m3, i.e. sufficiently high to ensure a swelling pressure of 2 MPa with margin for possible 
loss of material.”

As shown in Sections 5.5.2 and 5.5.3, the installed average buffer density in a deposition hole will be 
well within the desired range. The final distribution of buffer density is dependent on:

•	 Homogenisation	of	blocks	and	pellets.

•	 Material	loss	from	piping/erosion	during	the	early	period	after	emplacement.

•	 Expansion	of	buffer	into	the	backfill.

In the long term, loss due to colloid release may also affect the density in a deposition hole. 

The initial state of the buffer after emplacement is unsaturated bentonite blocks and rings with a much 
higher density than the average density for the entire hole and one empty slot at the canister surface and 
a pellet filled slot with very low density at the rock surface. A shown in Section 10.3.9, the homogeni-
sation process leads to residual density gradients in the material, mainly due to internal friction. This 
means that the density in the original pellet volume may be slightly below 1,950 kg/m3, but the safety 
function indicators will still be upheld.

Piping followed by erosion during the water saturation may lead to a local loss of buffer mass in 
some deposition holes (Section 10.2.4). For the allowed water flows in deposition holes, according 
to Section 5.2.1, the density may drop locally below 1,950 kg/m3, but the safety function criteria will 
still remain upheld.

Expansion of buffer into the backfill and the interaction between the buffer blocks and pellets are 
discussed in Section 10.3.8. The expansion into the backfill will lead to a drop in the installed density, 
but the effect is limited even for unfavourable calculation cases. 

The colloid release from buffer and backfill case, presented in Section 10.3.8, may lead to a substantial 
drop in buffer density. 

As a result of a loss of buffer mass/density, sulphide may be formed as a result of microbial activity 
in the highly compacted bentonite, see Section 10.3.13. Though the factors limiting the activity are 
not fully understood, experimental results indicate that a minimum saturated density of 1,800 kg/m3 
is required to keep the copper corrosion caused by microbial activity to a negligible level.
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Feedback to design premises
A buffer with a density of 1,950 kg/m3 will have good margins to the safety functions. However, 
this design premise refers to the average installed density in a cross-section of the deposition hole 
and may not be upheld at all locations within the volume. While it is shown that there is a margin 
to ensure a safe function of the buffer, it is nevertheless suggested to keep this lower limit as a design 
premise in order to ensure a sufficient margin to buffer loss by piping/erosion etc. The design premise 
needs therefore to be clarified such that when assessing its fulfilment, buffer losses, e.g. due to piping 
erosion and homogenisation, need not be considered, since such the potential for and significance of 
such losses are addressed in the safety assessment. 

Furthermore, additional assessments should be performed to increase the understanding of the 
significance of limited local volumes of the buffer with a lower density than the main volume. This 
relates both to the mechanical properties and the possibility for significant microbial activity.

The findings from SR-Site suggest that the risk contribution from shear loads on the canister would be 
further reduced if the buffer density was lower than the maximum value of 2,050 kg/m3. Experience 
from the buffer design work suggests that it would be possible to replace the upper limit with a dis-
tribution of allowed densities such that only a small fraction of deposition holes would have densities 
close to 2,050 kg/m3. Such a distribution could also consider the montmorillonite content of the dry 
buffer material, see Section 15.5.9. The exact formulation of such a distribution can, however, only 
be set in cooperation with the buffer and rock excavation designers, such that it can also be ensured 
that conformity with the revised design premise can be achieved.

Feedback to reference design
The manufacturing method presented in Section 5.5.2 produces a buffer with a much narrower density 
interval than allowed in the design premises. From the point of view of long- term performance, this 
strengthens the confidence in the assessment. The main reason for this is the strong dependence 
of swelling pressure on density. A narrowed range of initial density means that a smaller range of 
swelling pressures needs to be considered.

If the design premise regarding initial buffer density are revised, the buffer reference design and 
quality control procedures for deposition hole geometry and buffer installation will need to be 
revised accordingly.

15.5.8 Buffer thickness 
In / SKB 2009a/ it is stated that: “The buffer dimensions used as reference dimensions in SR-Can 
shall be used, in addition to other requirements affecting the buffer and deposition hole geometry.”

As concluded in Section 14.3 a larger buffer mass is not seen as a practical means of mitigating the 
effects of buffer erosion. A larger buffer mass may offer a slightly longer time before advective con-
ditions occur in the deposition hole, but it is not seen as a solution to the issue. It is also concluded 
that continued R&D on the erosion process is required.

Feedback to design premises
While the current design premise, referring to dimensions assessed in SR-Can, essentially is adequate, 
it is suggested that it be reformulated in a way that provides better guidance to designers, e.g. by 
formulating some minimum dimensions, considering also the maximum allowed gaps between 
buffer and canister and buffer and rock wall.

Feedback to reference design
The current reference design is judged adequate.
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15.5.9 Buffer mineralogical composition 
In / SKB 2009a/ it is stated that: “The montmorillonite content of the dry buffer material shall be 
75–90% by weight. The content of organic carbon should be less than 1 wt-%. The sulphide content 
should not exceed 0.5 weight percent of the total mass, corresponding to approximately 1% of pyrite. 
The total sulphur content (including the sulphide) should not exceed 1 wt-%.”

The requirement on montmorillonite content relates to the buffer swelling properties. Assessment in 
SR-Site shows that extreme combinations of densities and montmorillonite contents result in a wider 
range of swelling pressures than previously assumed. However, it is still the density that is the key 
factor for the swelling pressure.

The requirements on carbon, sulphide and sulphur concern the impact of these materials on the copper. 
As shown in Chapter 10, as long as the buffer is intact copper corrosion by contaminants in the buffer, 
backfill or groundwater does not pose a threat to canister integrity for the initial temperate period 
and even during the one million year overall assessment period the expected corrosion of the canister 
for an assumed temperate climate would cause corrosion depths of the order of a few millimetres, 
even for the most unfavourable deposition positions at Forsmark. 

The shear properties of the buffer may be affected by the charge compensating cation. However, it is 
stated that the requirements should be fulfilled for any composition of cations.

Feedback to design premises
The current design premises are judged adequate.

Feedback to reference design
The current reference design is judged adequate. The range for montmorillonite content is judged 
adequate. It could still be worthwhile to investigate the possibility of adjusting the block density in 
the manufacturing for bentonite shipments that are outside of the 80-85% range.

15.5.10 Deposition hole bottom plate
In / SKB 2009a/ there are no specific design premises related to the bottom plate. However, since this 
plate is part of the current reference design, feedback on its adequacy is required.

In Section 10.2.4 it is concluded that additional assessments and possibly development work is needed 
for the bottom plate. There are uncertainties regarding the current design that are unresolved. These 
are connected to the thickness and the compressibility of the bottom plate and to the possibility for a 
lifting of the buffer/canister package before the backfill is in place. A thick, compressible bottom plate 
may lead to loss of density to a level below the design target of 1,950 kg/m3 in the bottom of the buffer. 
Furthermore, Section 10.3.12 concludes that while the effect of a degraded bottom plate on the mass 
transfer resistance in the near field is less than the impact from assuming spalling in the deposition 
hole, the degraded bottom plate will be the main transport path if spalling can be avoided and if the 
bottom plate is intersected by a fracture. Another issue is the chemical interaction between the bottom 
plate and the buffer. This was found to be acceptable in SR-Site, but must be considered as an unneces-
sary disturbance.

Feedback to design premises
There is no reason to add design premises directly addressing the bottom plate. Its presence does not 
affect risk. 

Feedback to reference design
Given the question marks around the current design of the bottom plate, alternative solutions should 
be strived for. Ideally, only the canister and bentonite should be allowed in a deposition hole.
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15.5.11 Deposition tunnel backfill 
In / SKB 2009a/ it is stated that: “Packing and density of the backfill, both at initial dry state and after 
complete water saturation, must be sufficient to ensure a compressibility that results in a minimum 
buffer saturated density according to the conditions set out (i.e. 1,950 kg/m3) with sufficient margin 
to loss of backfill and to uncertainties.”

Furthermore, the following function indicator criteria should be upheld in the backfill to limit migration:

•	 Hydraulic conductivity < 10–10 m/s. 
•	 Swelling pressure > 0.1 MPa.

It is concluded in Section 10.3.9 that the swelling pressure of the buffer and the associated safety 
functions will be maintained during the expansion of the buffer into the backfill for many possible 
combinations of buffer and backfill conditions. Furthermore, several likely pessimistic assumptions are 
made in this analysis, including assuming the buffer to be completely water saturated and homogenised 
from the start, assuming weak mechanical contacts between the backfill blocks, not including the local 
crushing of the blocks that may occur close to the floor and assuming that the backfill blocks are not 
stacked overlapping each other.

For the case when backfill material is lost, a maximum loss of 220 tonnes in a deposition tunnel 
section can be allowed before advective conditions have to be considered in the deposition hole. As 
concluded in Section 10.3.11, advective conditions may not be excluded in some very few deposition 
hole closest to the tunnel intersecting fracture but the contribution of loss of deposition tunnel backfill 
to the possible generation of advective conditions in deposition holes is considered negligible. For a 
few positions where the tunnel is intersected by a very transmissive deformation zone, potentially 
more than 220 tonnes could be lost, but this is not relevant from the point of view of canister integrity. 
Such local loss of backfill by erosion does not mean that the hydraulic conductivity of the entire 
tunnel will be affected and these occurrences are not judged to impair safety.

Generally, a requirement on the bulk hydraulic conductivity of the backfill has very little practical 
meaning and could probably be removed, whereas the requirement on swelling pressure is important 
to ensure a sufficiently tight contact between the backfill and the rock wall.

Feedback to design premises
Current design premises on the deposition tunnel backfill are judged adequate. However, they should 
be refined to reflect that backfill properties need not be retained where the deposition tunnel intersects 
very transmissive fractures (that would certainly not be allowed to intersect deposition holes).

Feedback to reference design
The current reference design appears adequate. There are very few identified uncertainties regarding 
the long- term performance of the current backfill design. However, the ongoing detailed design and 
testing of the tunnel plug needs to verify that it will be sufficiently tight to ensure that the inflow to 
deposition holes will be below the values that would lead to unacceptable piping and erosion of the 
buffer.

15.5.12 Selecting deposition holes – mechanical stability 
In / SKB 2009a/ it is stated that:

•	 Deposition holes are not allowed to be placed closer than 100 m to deformation zones with trace 
length longer than 3 km.

•	 Deposition holes should, as far as reasonably possible, be selected such that they do not have 
potential for shear larger than the canister can withstand. To achieve this, the EFPC criterion 
should be applied in selecting deposition hole positions.
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As shown in Section 10.4.5, application of these design premises leads to a very small probability of 
shear movements larger than 5 cm in a deposition hole. The resulting risk contribution from failed 
canisters due to this is very small, even considering the current pessimistic assumption of failure for 
all cases in which the shear exceeds 5 cm. There is thus no reason to strengthen the design premise. 
However, the analyses in Section 10.4.5 also demonstrate that only some of the 3 km long deformation 
zones may host earthquakes and that the EFPC rule is a proxy for avoiding excessively large fractures. 
Furthermore, previously / SKB 2009a/ noted that it may be possible to reduce the respect distance of 
100 m to some deformation zones based on an a site-specific detailed and individual assessment of the 
actual extent of the damage zone including splays combined with revised criteria for what fractures 
should be avoided in deposition holes. 

Feedback to design premises
The potential to revise current design premises is directly linked to the potential progress within the 
detailed investigation programme in characterising the actual extents of damage zones and splays 
for the few deformation zones longer than 3 km that exist at the Forsmark site and to find alternative 
means for determining the size of fractures intersecting deposition holes. Before specific progress 
is made on this, the current design premises should apply, but a reformulation might be considered 
such that it would allow for these potential breakthroughs, without the need of further altering the 
design premise. It is thus suggested to change the last sentence to: “The EFPC criterion is a tool 
to identify such fractures, but can be replaced or complemented by other tools in cases where the 
application of such tools is shown not to increase the risk contribution.”

Feedback to reference design
The current reference design is judged adequate. Further efforts in characterising the actual extent of 
damage zone and splays for the few deformation zones longer than 3 km that exist at the Forsmark 
site and to find alternative means for determining the sizes of fractures intersecting deposition holes 
are warranted. If these efforts are successful, the design rules may be changed accordingly.

15.5.13 Selecting deposition holes – hydrological and transport conditions
Large fractures and fractures with high flow rates intersecting deposition holes are common factors 
for many identified safety related issues. Flow in fractures intersecting deposition holes affects: 

•	 Piping.
•	 Colloid	release.
•	 Oxygen	penetration.
•	 Inflow	of	corrodants,	potentially	leading	to	canister	failure.
•	 Outflow	of	radionuclides	(in	both	the	corrosion	and	shear	displacement	cases,	in	particular	for	

eroded buffer). 

High flow rates in deposition holes are also generally associated with low F-values in the geosphere 
for both recharge and discharge flow paths.

In / SKB 2009a/ it is stated that:

•	 The total volume of water flowing into a deposition hole, for the time between when the buffer is 
exposed to inflowing water and saturation, should be limited to ensure that no more than 100 kg 
of the initially deposited buffer material is lost due to piping/erosion. This implies, according to 
the present knowledge, that this total volume of water flowing into an accepted deposition hole 
must be less than 150 m3.

•	 Fractures intersecting the deposition holes should have sufficiently low connected transmissivity 
(specific value cannot be given at this point).

The findings from SR-Site suggest that these premises should be revised, both with regard to piping 
erosion and with regard to implications for correlation to Darcy flux during the assessment period.
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Piping erosion
It is concluded in Section 10.2.4 that piping followed by erosion cannot be ruled out. Up to about 
100 kg of dry bentonite may be lost due to erosion without jeopardising the function of the buffer. 
The uncertainty in the assessment of the corresponding eroded volume needs to be considered when 
revising the design premises for acceptable inflow conditions to the deposition holes.

Furthermore, the stated rule on a maximum allowed total volume of inflow to a deposition hole is 
judged of limited practicality by designers and also is related to how much water would pass the 
deposition tunnel plug before saturation.

Correlation to Darcy flux and far-field transport resistance
The analyses in SR-Site suggest that risk would be much further reduced if it was possible to identify 
the deposition holes having the largest Darcy flux during saturated conditions. As shown in Chapter 10, 
due to the very low frequency of water conducting fractures at the Forsmark site, only a few percent of 
all deposition holes might have dilute conditions and of these only a handful, having the largest Darcy 
fluxes would lose the buffer over the 106 year time period and then even less canisters would fail due 
to these conditions. It can thus be concluded that if it was possible to identify these few deposition 
hole position before emplacement, this would significantly reduce the already low risk, without any 
significant loss of useful canister positions. The design and detailed investigation challenge is instead 
to  find these positions. 

It should be noted that since SR-Site considers the application of the EFPC, in practise also a hydraulic 
consideration is applied. Since there is a correlation, although uncertain, between fracture size and 
transmissivity, application of EFPC in fact reduces the number of high Darcy flux deposition holes 
significantly. This observation highlights the fact that, for avoiding high flows, it is not the EFPC 
as such that is important, but to find an observable property that would identify potentially flowing 
fractures.

As is concluded in Section 14.3.2, there appears to be a potential for further enhancing safety by 
avoiding deposition holes with high inflows, even if the correlation with long-term Darcy flux is 
not one-to-one given the differences in boundary condition. Furthermore, the inflows will also be 
disturbed by skin effects and grouting and there will also be a practical lower detection limit. Partly, 
these disturbances may be overcome by requiring that deposition holes intersected by fractures capable 
of providing inflows below a certain value are to be avoided. This means that the hydraulic properties 
of the fractures intersecting the borehole should be tested in the pilot hole prior to drilling the full size 
hole, thereby avoiding skin effects, and that deposition holes intersected by fractures showing visible 
grout should also be rejected, since the presence of grout suggests that the fracture was quite transmis-
sive before grouting.

Feedback to design premises
Regarding piping erosion, the stated limit of 150 m3 volume of water entering the deposition hole 
before saturation appears appropriate. However, a more practical design rule than limiting the total 
amount of water entering the deposition hole must be strived for, but input for such an updated rule 
requires further R&D.

It is suggested that the current design premises be revised such that deposition holes with potential 
for high Darcy flux during the assessment period are avoided. The practical formulation of the rule 
needs further elaboration, but a tentative rule may be to avoid deposition holes intersected by connected 
transmissive fractures capable of producing higher inflows than 0.1 L/min. Deposition holes intersected 
by fractures showing visible grout should also be rejected. Making this rule more restrictive, i.e. by 
reducing the allowable inflow to 0.01 L/min, would potentially further reduce risk, but application of 
this rule may be hard in practice. Instead, it is suggested that this criterion should be combined with 
the application of the EFPC, for the entire deposition hole as explained in Section 5.2.2, but only for 
fractures showing potential for groundwater flow. Completely healed fractures would not be considered 
for this reason.
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Feedback to reference design
Further development is needed in order to derive a more practical design rule than limiting the total 
amount of water that could enter a deposition hole for the time between when the buffer is exposed 
to inflowing water and saturation. One factor of importance in this respect concerns the practical 
possibilities of limiting the flow through the deposition tunnel plug before backfill saturation.

The revised design premise with regard to the allowed transmissivity of fractures intersecting the 
deposition holes, indications of grouting and application of EFPC needs to be considered when 
updating the repository design and when further developing the detailed investigation programme. 

15.5.14 Hydraulic properties in deposition hole wall
In / SKB 2009a/ it is stated that: “Before canister emplacement, the connected effective transmissiv-
ity integrated along the full length of the deposition hole wall and as averaged around the hole, must 
be less than 10–10 m2/s.”

There are essentially two reasons why this condition may not be upheld. These are damage from 
excavation and new fracturing due to spalling. The conformity with the design premise is dem-
onstrated in the Underground openings construction report and there is no reason to revise the 
design premise based on SR-Site findings. However, since spalling may also result from the thermal 
load it is worthwhile to consider its importance.

The rock mechanics assessment, see Section 10.3.5, concludes that thermally induced spalling, is 
likely to occur but the counter pressure exerted by bentonite pellets in the slot between buffer and 
rock wall, may suppress the spalling, or at least keep the spalled slabs in place and minimise the 
hydraulic transmissivity of the spalled damage zone.

The assessment of the impact of spalling, Section 10.3.6, demonstrates that spalling may increase 
the mass transfer (the equivalent flow rate Qeq) for the Q1 path by more than an order of magnitude, 
but the other paths are not affected. However, this increase has essentially no impact on risk, since 
spalling will not affect the local Darcy flux in the case of advective conditions in the deposition hole 
or if the canister is damaged by a shearing fracture.

Feedback to design premises
Since thermally induced spalling has a minor impact on risk, it is suggested to keep the current 
design premises and not specify any design rule connected to its occurrence. 

Feedback to reference design
While occurrence of thermally induced spalling has a minor impact on risk, efforts to handle and 
mitigate thermally induced spalling should continue.

15.5.15 Canister positions – adapted to the thermal conditions 
According to current design premises “Buffer geometry (e.g. void spaces), buffer water content 
and distances between deposition holes should be selected such that the temperature in the buffer is 
<	100°C”.

As discussed in Section 10.3.10, the temperature requirement is adequate to protect the buffer, but 
possibly too strict at least if the temperature evolution is considered. It is found that an increased 
temperature will have an effect on the mechanical properties of the bentonite, but the effect is not 
very	pronounced	even	at	150°C	and	does	not	seem	to	progress	with	time.

The thermal analysis, see Section 10.3.4 demonstrate that with the current repository design, with 
its deposition hole spacing, buffer geometry and maximum residual power, there is an adequate 
margin to the peak temperature criterion for the buffer, even when the spatial variability of the rock 
thermal properties is taken into account and with other data essential for computing the result chosen 
pessimistically. However, it is possible to envisage deposition sequences, e.g. when a canister is 
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deposited centrally in a deposition area where nearby positions were deposited several years before, 
where the resulting temperature in the buffer would exceed the maximum allowed. Such situations 
could always be avoided, but this possibility highlights the need for careful thermal management of 
the disposal sequence.

Feedback to design premises
There does not seem to be an immediate need to revise the design premise relating to the buffer 
temperature. However, it is noted that in the practical design of the canister encapsulation facility 
there is a need to have a more refined rule concerning the maximum allowed residual power in the 
canister, e.g. if it can be acceptable that some canister have slightly higher power. In order to provide 
such refined rules the strictness of the current requirement on maximum temperature in the buffer 
could be reconsidered. 

Feedback to reference design
The current reference design, stating maximum residual power, buffer geometry and minimum 
deposition hole spacing, appears appropriate, but may of course be revised if the design premises 
are revised. However, restrictions regarding the canister emplacement sequence should be added 
to ensure that temperature requirement would not be violated during the operational period.

15.5.16 Controlling the Excavation Damage Zone (EDZ)
In / SKB 2009a/ it is stated that: “Excavation induced damage should be limited and not result in 
a connected effective transmissivity, along a significant part (i.e. at least 20–30 m) of the disposal 
tunnel and averaged across the tunnel floor, higher than 10–8 m2/s. Due to the preliminary nature of 
this criterion, its adequacy needs to be verified in SR-Site.”

The sufficiency of the upper transmissivity limit of 10–8 m2/s is indeed demonstrated in SR-Site. As 
further assessed in Section 14.3.2, the number of corroded canisters is virtually unaffected comparing 
a case without an EDZ with the basic assumption of an EDZ transmissivity of 10–8 m2/s. However, the 
analysis also shows that a more transmissive EDZ could affect risk since the number of failed canisters 
starts to increase, although moderately, when the transmissivity is increased. The EDZ seem to be even 
less important for radionuclide transport. For the pin-hole scenario, see Section 13.7.2 the presence of 
an EDZ at 10–8 m2/s increases the dose compared to a case without an EDZ, but only marginally, and 
making the EDZ transmissivity larger does not further increase the dose.

Evidence presented in the Underground openings construction report and further elaborated in the 
Data report, see also Section 10.2.2, suggests that there is ample evidence that a potential EDZ formed 
during excavation will be kept below the maximum allowed transmissivity as set out by the design 
premises and the data further suggests that a continuous EDZ would not develop at all. However, as 
also stated in the Underground openings construction report further development of the method 
to control and inspect the EDZ as well as demonstration of the reliability of this method is needed.

Feedback to design premises
The variation cases analysed in SR-Site confirm that the suggested upper limit of the connected 
EDZ transmissivity of 10–8 m2/s is adequate and need not be decreased. However, connected EDZ 
transmissivity above this value will start to affect risk and needs to be avoided.

Feedback to reference design
The importance of clearly establishing that there is no connected EDZ or that its connected transmis-
sivity is less than 10–8 m2/s demonstrates that further development of the method to control the develop-
ment of the EDZ as well as development of techniques to verify the excavation results are needed.
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15.5.17 Materials for grouting and shotcreting
According to / SKB 2009a/ the following restrictions apply in deposition tunnels

•	 Only “low pH” materials (pH < 11).
•	 No continuous shotcrete.
•	 Continuous grouting boreholes outside tunnel perimeter should be avoided.

According to the Underground openings construction report, the reference design contains low pH 
cement that is used in shotcrete support, for embedding various rock support elements and in grout 
mixes	used	for	sealing	purposes.	Various	recipes	that	would	generate	porewater	with	pH<	11	have	
been developed for the purpose of grouting in rock types with potential for unacceptable inflows as 
well as for rock support elements that need to be embedded in cement. Furthermore, the assessment 
of repository evolution presented in Chapter 10 confirms that the currently estimated amounts of engi-
neered and residual materials left at deposition, backfill or closure of the underground openings would 
have negligible impact on the safety functions. The modelling presented in Section 10.3.12 shows that 
the	given	cement	composition	will	yield	a	pH	>	11	in	the	bottom	plate	for	a	short	duration,	but	that	this	
has negligible impact on the buffer.

Feedback to design premises
Current design premises are judged adequate, but should be more correctly formulated to state that 
only materials with sufficiently low alkalinity, not resulting in a pH over 11 in the groundwater 
exposed to that material, will be allowed. Furthermore, it should be clarified that a short duration 
pulse above pH 11 when the concrete is setting may be acceptable.

Feedback to reference design
The current reference design is judged appropriate, although it is recognised that the practical appli-
cability of the suggested materials needs to be further tested and that final recipes may be modified. 
While the amounts of grout and reinforcement material presented in the Underground openings 
construction report would not jeopardise safety and that probably even larger amounts and more 
alkaline materials would be acceptable, it is also noted that it will be important to keep a careful 
record of all materials that are brought into (and taken out of) the repository, allowing for updated 
assessments of whether the amounts would come close to detrimental levels.

15.5.18 Repository depth
In / SKB 2009a/ it is stated that:

•	 The repository volumes and depth need to be selected where it is possible to find large volumes of 
rock fulfilling the specific requirements on deposition holes.

•	 With respect to potential freezing of buffer and backfill, the requirement of temperatures favouring 
the mechanical properties of the canister, surface erosion and inadvertent human intrusion the depth 
should be considerable. Analyses in the SR-Can assessments corroborate that this is achieved by 
prescribing the minimum depth to be as specified for a KBS-3 repository i.e. at least 400 m.

The analyses in SR-Site corroborate the adequacy of the selected repository depth. A more detailed 
assessment is given in Section 14.3.4.

Feedback to design premises
Current design premises are adequate.

Feedback to reference design
There is no reason to revise the selected repository depth based on the findings from SR-Site.
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15.5.19 Main tunnels, transport tunnels, access tunnels, shafts and central area, 
and closure

In / SKB 2009a/ it is stated that:

•	 Below the location of the top sealing, the integrated effective connected hydraulic conductivity of 
the backfill in tunnels, ramp and shafts and the EDZ surrounding them must be less than 10–8 m/s. 
This value need not be upheld in sections where e.g. the tunnel or ramp passes highly transmissive 
zones. There is no restriction on the hydraulic conductivity in the central area.

•	 The top sealing has no demands on hydraulic conductivity.

•	 The depth of the top sealing can be adapted to the expected depth of permafrost during the 
assessment period, but must not be deeper than 100 m above repository depth.

The reference design presented in the Closure production report and in the Underground openings 
construction report conforms to these design premises and the analyses in SR-Site show that a design 
following these rules would be appropriate. Furthermore, based on the findings from varying the 
transmissivity of the EDZ, discussed in Section 15.5.16, it is not obvious that these rules can be 
further relaxed. However, it is likely that the direct impact on risk would only apply for the EDZ 
in the deposition tunnels, whereas a higher transmissivity probably could be accepted in the other 
tunnels. Such a situation has, however, not been analysed in SR-Site.

Feedback to design premises
Current design premises appear adequate. To further relax the demands would require additional 
sensitivity analyses focusing on the hydraulic properties of the access, main and transport tunnels.

Feedback to reference design
The current reference design, based on the deposition tunnel concept, could likely be simplified 
without violating current design premises. Furthermore, additional simplifications could probably 
be made if the design premises could be revised as discussed above.

15.5.20 Sealing of boreholes
In / SKB 2009a/ it is stated that: “Boreholes must be sealed such that they do not unduly impair contain-
ment or retention properties of the repository. This is preliminarily achieved if the hydraulic conductivity 
of	the	borehole	seal	<	10–8	m/s,	which	is	ensured	if	the	swelling	pressure	of	the	seal	is	>	0.1	MPa.	This	
value needs not be upheld in sections where e.g. hole passes highly transmissive zones.”

The impact of an open borehole on the groundwater flow in the repository and the surrounding rock 
has been studied by introducing boreholes at various locations in the hydrogeological model applied for 
analyses of the temperate period in SR-Site / Joyce et al. 2010/. As concluded there and in Section 10.3.6, 
the impact of improper seals of the boreholes is very moderate. Furthermore, according to the assess-
ment presented in Section 10.3.14, the reference design of the borehole seals will perform as intended. 
Clearly, the bentonite may be lost in sections intersecting highly flowing fractures, but in the reference 
design there is no bentonite in such sections. The only problem with the seals is to demonstrate their 
performance. The keys issue is that it is difficult to inspect the quality of the seals after installation. 
A loss of bentonite in the range of a few metres in the seals will lead to a total loss of performance in 
that section, but the rest of the seal will be virtually unaffected. The function of the seal is not to hinder 
flow in the intersecting fractures, but to hinder flow along the borehole, so loss of function over a 
few metres is not a significant consideration. 

Feedback to design premises
Current design premises appear adequate. However, it may be argued that current design premises 
for the borehole seals are too strict, since even open boreholes seem to have a limited impact on the 
flow. Since it might be difficult to inspect the outcome of the current design of the sealing, it could 
be of interest to assess whether a solution that may result in higher effective permeability of the 
borehole seals, but that would be more robust to control, would provide sufficiently good protection. 
However, relaxing the design premises in this way would require additional sensitivity analyses.
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Feedback to reference design
The assessment in SR-Site indicates that the reference design is appropriate for the purpose. 
However, if design premises are relaxed, more robust designs might be worth investigating.

15.6 Feedback to detailed investigations and site modelling
Previous chapters have demonstrated that several site-specific conditions have a large impact on 
repository evolution and also, in some cases, on individual risk. While, the confidence in the site 
understanding is judged adequate and remaining uncertainties are sufficiently well constrained to 
allow upper bound risk estimates to be made, the repository might still be further optimised with 
respect to efficiency and risk reduction. Furthermore, as should be clear from the assessment of the 
design premises in the previous section, most of such potential improvements concern possibilities 
for local adaptation of the deposition tunnels and deposition holes to the conditions found in the rock. 
In addition, some issues remain concerning the properties of the rock mass outside the immediate 
vicinity of the deposition areas. Feedback to the detailed site investigations and site modelling can 
thus be given, considering the confidence and uncertainty in the Site description Forsmark as 
outlined in Chapter 4.

A framework programme for the detailed investigations and associated site descriptive modelling 
has been developed and is documented in / SKB 2010b/ It is generally found that this framework 
programme and the presented plans for developing this into the actual detailed and investigation 
programme are adequate. However, the findings from SR-Site are still important for prioritising 
and further specifying the development needs.

15.6.1 Further characterisation of the deformation zones with potential to 
generate large earthquakes 

In order to ensure mechanical stability of deposition holes, it is a necessary condition that deposition 
holes are located with appropriate respect distances to deformation zones with the potential to host 
larger earthquakes, see Section 15.5.12. According to the Site description Forsmark, there is a very 
high confidence that only the few such zones already identified exist at the site and that even less of 
them intersect the repository volume in such a way that respect distances need to be considered.

It will also be important to locally establish the adequacy of applied respect distances in relation to 
observed occurrences (e.g. as mapped in transport tunnels) of the few zones able to host larger earth-
quakes that exist in the immediate vicinity of the repository. The detailed investigation programme 
needs thus spend further efforts in:

•	 Determining	the	extent	of	the	damage	zone	for	the	few	deformation	zones	able	to	host	larger	
earthquakes at the Forsmark site.

•	 Identifying	and	characterising	splays	from	these	deformation	zones.

According to the detailed investigation framework programme / SKB 2010b/ currently available 
tools are sufficient for such a characterisation allowing for more specific characterisation plans to 
be developed.

15.6.2 Further develop the means to bound the size of fractures intersecting 
deposition holes 

The mechanical stability of canisters also requires that the canisters are not intersected by fractures 
sufficiently large to cause shear failures of the canister in case of an earthquake. As noted in 
Section 15.5.12, the currently applied criterion, the EFPC, is only a proxy for avoiding such large 
fractures. Application of EFPC implies that several deposition positions might be rejected, even if 
the fracture intersecting them is not large enough to represent a problem. Furthermore, the efficiency of 
EFPC, i.e. the risk of not identifying the problematic fracture, to some extent depends on the statistical 
distribution of fracture sizes. Consequently, it is of high interest to further develop the means for 
bounding the size of fractures intersecting deposition holes. Plans for such development work are 
outlined in the detailed investigation framework programme / SKB 2010b/.
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15.6.3 Reduce the uncertainty of DFN models 
The risk contribution from large earthquakes partly depends on the applied statistical description of 
the fractures, although the uncertainty in this description to a large extent is mitigated by applying 
the design rule that large fractures are not allowed to intersect the canister. Uncertainty in the geo-
logical DFN models is still an issue. Furthermore, reducing the uncertainty in the geological DFN 
model would also be of importance for reducing uncertainty in the hydrogeological DFN model, 
see Section 15.6.5.

The DFN model of the site is still quite uncertain and several alternatives are presented and assessed 
in SR-Site, see Section 10.4.5. The assessment of earthquake risk thus considers this wide range of 
uncertainty and even considering this, the risk contribution is very small. However, further efforts in 
reducing uncertainties are warranted. 

In the Site description Forsmark it was concluded that the uncertainties in the geological DFN model 
can only be significantly reduced by data from underground. Such data include tunnel mapping and 
evaluations from boreholes (such as pilot holes drilled during the underground excavation work) and 
such data are, according to the detailed investigation framework programme / SKB 2010b/ planned to 
be obtained and assessed.

15.6.4 Identifying connected transmissive fractures 
The analyses in SR-Site suggest that if it was possible to identify the few deposition hole positions 
having the largest Darcy flux during saturated conditions, this would dramatically reduce risk, without 
any significant loss of useful canister positions, see Section 15.5.13. Means of finding (and then avoiding) 
connected transmissive fractures capable of producing higher inflows and high Darcy fluxes into and 
around deposition holes should thus be a priority task of the detailed investigations. This challenge 
is also acknowledged in the detailed investigations framework programme / SKB 2010b/, where it is 
stated that there are hydraulic testing methods available for meeting this challenge, but that further 
development is needed for interpreting such tests, together with other information from the tunnel.

15.6.5 Hydraulic properties of the repository volume 
The hydraulic properties of the repository volume, expressed as the hydrogeological DFN model, 
together with the hydraulic description of the deformation zones, has a large impact on repository 
performance, even if some of the importance may be reduced by introducing more efficient deposition 
hole acceptance criteria, as discussed previously. 

While confidence is high with regard to the very low frequency of connected transmissive fractures, 
there are still large uncertainties in the actual distribution of hydraulic properties within these fractures. 
This is expressed by formulating and propagating different variants concerning the correlation between 
fracture size and transmissivity. As shown in Chapters 10, 12 and 13, the selection of this correlation 
has an impact both on the number of failed canisters, due to corrosion for advective conditions in the 
buffer, and on the resulting migration of released radionuclides. It is thus concluded that better bounds, 
especially on the size versus transmissivity correlation, on the hydrogeological DFN model would be 
beneficial. Uncertainties in the flow-related transport resistance, due to the fact that individual fractures 
are treated as having homogeneous properties, are considered to be small based on the arguments 
provided in Section 10.3.6.

As for the geological DFN model, it is concluded in the Site description Forsmark that the uncertainties 
in the hydrogeological DFN model can only be significantly reduced by data from the underground 
characterisation. Combining hydraulic data obtained from underground, e.g. by hydraulic tests in 
boreholes (such as pilot holes drilled during the underground excavation work) with the geological 
characterisation of the fractures responsible for the measured flow will allow further integration 
between the geological and hydrogeological modelling. Such integrated modelling is also foreseen 
in the detailed investigation framework programme / SKB 2010b/.
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15.6.6 Verifying the conformity to the EDZ design premise 
According to Section 15.5.16, the current design premise requiring that excavation induced damage 
should be limited and not result in a connected effective transmissivity higher than 10–8 m2/s along 
a significant part (i.e. at least 20–30 m) of the disposal tunnel and averaged across the tunnel floor, 
is adequate. It was also concluded that a more transmissive EDZ starts to affect risk, even though 
the impact is moderate.

As already discussed, there is ample evidence that a potential EDZ formed during excavation will be 
kept below the maximum allowed transmissivity as set out by the design premises, and data suggest 
that a continuous EDZ would not develop at all. It is also clear that further development of the methods 
to control the EDZ as well as demonstration of the reliability of these methods is needed.

The methods to control the development of an EDZ are to a large extent connected to the quality of 
the drill and blast operation, but some aspects of confirming that these measures actually result in 
an EDZ in conformity with the design premises belong to the detailed investigation programme and 
need thus to be developed therein. This is acknowledged in the detailed investigation framework 
programme / SKB 2010b/, where some relevant plans are presented. However, the detailed investiga-
tion framework programme also concludes that it is neither possible nor necessary to continuously 
verify these hydraulic design premises. The conformity would instead be built on verifying that the 
reference method for rock excavation can be managed such that it conforms to the design premises.

15.6.7 Rock mechanics 
As discussed in Section 15.5.14, the in situ rock stress and the properties of the intact rock are such 
that thermally induced spalling is likely to occur. The hydraulic assessment of the impact of spalling, 
Section 10.3.6, demonstrates that spalling may increase the equivalent flow rate for the Q1 path by 
more than an order of magnitude, whereas the other paths are not affected. However, this increase 
has essentially no impact on risk, since spalling will not affect the local Darcy flux in the case of 
advective conditions in the deposition hole or if the canister is damaged by a shearing fracture.

According to the Site description Forsmark, there are remaining uncertainties with regard to the 
stress magnitude at Forsmark. There is also uncertainty in the spalling strength. While resolving these 
uncertainties is important for the design and layout of the repository, especially since the occurrence 
and amount of spalling affects the number of usable deposition positions, these uncertainties are of 
somewhat less importance for safety. Nevertheless, the potential for thermally induced spalling is evident 
considering the current uncertainty range and, since spalling affects one of the safety functions, although 
not risk itself, further efforts in finding methods to mitigate the spalling are warranted. This also includes 
a need for further characterisation of both the rock stress and the spalling strength of the rock.

In conclusion, the plans for rock mechanics assessment presented in the detailed investigation 
framework programme / SKB 2010b/ are judged adequate. 

15.6.8 Thermal properties 
For a specific residual power in the canister the thermal conductivity and in situ temperature 
determine, together with the repository layout and the thermal properties and geometry of the 
buffer, the buffer peak temperature. The thermal analyses, see Section 10.3.4, demonstrate that the 
suggested layouts would conform to the thermal design premises by a substantial margin, even 
considering remaining uncertainties in the thermal data. In fact, most deposition holes will have a 
temperature much below the allowed maximum. From a strictly safety point of view, further detailed 
investigations and modelling of thermal properties is only needed if SKB decides to aim for a more 
compact design, with adaptation of deposition hole distances and/or residual power in the canisters 
to the local thermal conditions in the tunnel. In conclusion, the plans for thermal property assessment 
presented in the detailed investigation framework programme / SKB 2010b/ are judged adequate.

15.6.9 Hydrogeochemistry 
The chemical environment directly controls the evolution of the repository. The most important 
parameters are redox properties, salinity and ionic strength, which directly affect the canister and 
buffer safety functions, but also other factors are important, including the groundwater content of 
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potassium, sulphide and iron(II), as they might affect the chemical stability of the buffer and the 
canister. In particular, as shown in Chapter 10 and Chapter 12, the levels of sulphide affect risk, 
since these levels control the canister corrosion rate and thus the number of canister failures due to 
corrosion in the case of advective conditions in the buffer.

Available hydrogeochemical data are clearly sufficient to prove that suitable conditions prevail 
at the Forsmark site today and also during the temperate period that should persist for at least the 
next few thousand years. Estimating possible changes in the groundwater composition for longer 
times and during a glacial cycle are more challenging and this has been done pessimistically in 
SR-Site. As shown in Section 10.4.7, upconing during glaciation will not result in excessively high 
salinity values, whereas intrusion of dilute glacial melt water, which may result in buffer erosion, 
cannot be excluded. Furthermore, for the case of an eroded buffer, the sulphide content becomes 
important, since excessively high values may lead to corrosion failure of the copper canister (see 
Section 10.4.9).

In order to enhance the confidence in these important evaluations and potentially also to be able to 
exclude the possibility of intruding dilute glacial melt water, more information would be valuable. 
Groundwater sampling data on sulphide, as well as dissolved organic carbon, microbial populations, 
hydrogen and methane, giving their concentrations and isotopic ratios would improve the possibility 
of estimating the future sulphide content. Isotope data on noble gases would also improve the 
understanding of diffusion of gaseous species. Also more uranium and radium analyses are needed 
in order to understand the heterogeneous distribution of these elements in Forsmark. The methods 
outlined in the detailed investigations framework programme / SKB 2010b/ are judged adequate to 
fulfil these needs.

15.6.10 Surface ecosystems
The assessment of long term effects on humans and the environment is based on two main founda-
tions: i) a conceptual understanding of ecosystem function today, in the near and in the far future, 
and during different climate regimes, and ii) input data to assessment models, synthesised from the 
site description, from the literature and from models describing the landscape development. 

Some important input data to the biosphere radionuclide model, like partitioning coefficients (Kd 
values) and parameters describing biological uptake (CR) of some important radionuclides, rely today 
partly or completely on the use of literature data and data on analogue elements. It would probably be 
possible to increase model precision if estimates of these parameters could, to a higher extent, reflect 
site conditions and rely less on generic data from other sites. The upcoming detailed site investigations 
should therefore aim at providing a better coverage of concentration measurements of a few elements 
(including Ra and I) in all environmental media. There is also a need to measure concentrations of all 
elements in locally produced agricultural products and in the soils where these products are cultivated. 
Moreover, additional chemistry data from precipitation samples will enhance knowledge regarding 
elemental distribution and transport in the landscape.

15.7 Feedback to RD&D Programme
In accordance with a proper safety culture, general research on processes of importance for safety 
should continue even if the current view is that existing knowledge is sufficient to demonstrate 
long-term safety. More specifically, there are some issues which SR-Site shows to contribute to risk 
and where the basis for the assessment can be improved through more R&D.

15.7.1 Spent fuel
Gap and grain boundary inventory
SR-Site has revised the gap inventory (see the Spent fuel report) considering the plans for increased 
burn-up of future BWR and PWR fuel and the planned increased thermal power of the nuclear power 
plants. Since the gap release is important in relation to risk, see Section 13.5.11, it is essential that 
this work continues. The SR-Site estimates of fission gas release from high-burnup fuel should be 
complemented with actual measurements of fission gas release and releases in solution of mobile 
elements such as Cs and I. 
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Corrosion release rate
In SR-Site, the rate of corrosion of structural metallic parts of the fuel elements was based on published 
data for their corrosion under anoxic conditions. The corrosion of the Cd-In-Ag alloy of the control 
rods was, on the other hand, treated very pessimistically by assuming instant dissolution, given the 
paucity of data. Available unpublished in-reactor data indicate a potential de-alloying and release 
of In and Cd. Silver is a noble metal that under anoxic conditions is expected to corrode only in the 
presence of e.g. sulphide ions / McNeil and Little 1992/. Some research effort will be devoted to the 
study of the corrosion of the Cd-In-Ag alloy, with emphasis on silver corrosion and release. This is 
expected to make possible a less pessimistic treatment of silver releases in the future.

Spent fuel dissolution
Given the importance of the spent fuel dissolution for the amount of radionuclides released, see 
Section 13.5.11, research on fuel dissolution should continue. This research should focus both on 
data under repository like conditions and on understanding of basic processes contributing to fuel 
dissolution. Findings from this research could reduce the calculated risk further. 

15.7.2 Canister
Corrosion of copper canister
Understanding copper corrosion is fundamental for the safety concept. While confidence is judged 
high it is still essential to continue ongoing research. Such research includes studying the reactions 
that could occur on copper surfaces in an oxygen-gas free environment both in laboratory experiments 
and by theoretical quantum mechanical modelling, studies of copper sulphide films as well as further 
assessing the role of bentonite in determining corrosion rates.

Stress corrosion cracking of copper canister
Conditions for stress corrosion cracking are not judged to occur in the repository but the basic research 
focusing on identifying the necessary conditions needed for stress corrosion cracking to occur on 
copper should continue.

Deformation of cast iron
Understanding the deformation of cast iron is essential for the confidence in the assessment of the 
impact of mechanical load on the canister. While confidence is judged high for the design analyses pre-
sented in the Canister production report, further work is warranted since this is a key issue and since 
pessimisms regarding e.g. failure criteria applied in the design analysis could be reduced. The ongoing 
development work on manufacturing and testing of cast iron inserts, including the PWR inserts should 
thus continue. The impact of hydrogen on mechanical properties, in relation to the hydrogen levels that 
could be expected to be created by corrosion by potentially remaining water in the sealed canister, also 
would benefit from further understanding.

Deformation of copper canister from external pressure
Also the understanding of copper deformation under external pressure is essential for the confidence 
in the assessment of the impact of mechanical load on the canister. While confidence is judged high 
for the design analyses presented in the Canister production report, further work is warranted since 
this is a key issue and since pessimisms regarding e.g. failure criteria applied in the design analysis 
could be reduced. The ongoing work on assessing creep properties of copper should continue and 
include welded material as well as the effects of different disturbances such as cold working and the 
impact from hydrogen on mechanical properties.

15.7.3 Buffer and backfill 
Water transport
As shown in Chapter 10, there is sufficient understanding of water transport in the buffer and back-
fill material to make adequate predictions with respect to long-term safety. However, uncertainties 
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remain, which when resolved might enhance current designs. Laboratory and field tests of different 
materials and calibration of models in order to optimise parameter values in the models to enhance 
knowledge of water transport in both dry and wet conditions are thus warranted.

Gas transport
Further assessment of parameters critical to gas transport in clay materials is warranted. Findings 
from Lasgit, being part of the EU project Forge which will end 2012, should be assessed and laboratory 
experiments to study critical parameters that are difficult to evaluate in a full-scale test should be 
carried out.

Piping/erosion
The understanding of piping/erosion is much advanced since SR-Can and has allowed formulation of 
design premises with regard to inflow into deposition holes. For fine tuning these design premises and 
for developing the designs, further understanding of the importance of geometry, enhanced knowledge 
of when piping does not occur, the applicability of the erosion model, self-sealing of cracks and 
enhanced ability to quantify the process would be valuable. Such studies should consider the processes 
occurring during water saturation with a focus on homogenisation.

Mechanical processes
Homogenisation and self-sealing are important processes for the evolution of the buffer and the 
backfill. Ongoing research should continue.

Integrated THM development
Also the ongoing development of the integrated coupled buffer THM model should continue. This 
should	be	facilitated	by	assessing	different	projects	at	Äspö,	further	development	of	the	codes	used	
and by new experiments on a smaller scale for studying hydromechanical processes. Effort should 
be focused on processes occurring during water saturation: Piping, erosion, water saturation, self-
sealing, and homogenisation of both buffer and backfill. 

Montmorillonite alteration
Buffer and backfill performance depends on understanding montmorillonite alteration. The impact 
from potential construction and grouting materials, such as low alkalinity cements and silica sol 
should continue to be studied, especially to further specify restrictions on their use in the repository.

Cementation
The studies on rheological effects of cementation should be continued.

Buffer erosion/Colloid release
From the studies of buffer erosion/colloid release conducted since SR-Can it has been concluded 
that the process cannot be ruled out in the assessment of long-term safety and that a continued R&D 
programme is needed. The transport model basically considers a pure sodium system and the loss of 
bentonite is most likely overestimated. Further studies could reduce the pessimism. Some areas of 
interest are: 

•	 The	effect	of	calcium	and	mixed	Ca/Na	systems	on	swelling/colloid	formation	behaviour.
•	 Erosion	in	fractures	or	slots	(instead	of	open	pipes	or	filters	as	has	been	the	case	in	most	of	

the earlier experimental work).
•	 The	effect	of	flow	and	water	velocity	on	the	erosion.
•	 Sealing	of	erosion	damage.

These studies are already progressing.
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15.7.4 Geosphere
Much of the R&D related to the geosphere is covered by the detailed investigation programme, but 
research on some processes should also continue. 

Spalling 
Since SR-Can, several efforts have been made to enhance the understanding of the conditions under 
which thermal spalling will occur, as well as the extent of the spalled zone. As already concluded, 
thermally induced spalling, is likely to occur, but the counter pressure exerted by bentonite pellets 
in the slot between buffer and rock wall, may suppress the spalling, or at least keep the spalled slabs 
in place and minimise the hydraulic transmissivity of the spalled damage zone. Furthermore, the 
assessment of the impact of spalling demonstrates that spalling may increase the equivalent flow rate 
for the Q1 path by more than an order of magnitude and that this increase has essentially no impact 
on risk, since spalling will not affect the local Darcy flux in the case of advective conditions in the 
deposition hole or if the canister is damaged by a shearing fracture. Other exit paths than Q1 are not 
affected by spalling. Consequently, further progress in the actions to assess spalling is not critical to 
safety, but efforts to handle and mitigate thermally induced spalling should continue as this affects 
one of the safety functions.

THM assessment of the geosphere 
The assessment of coupled thermo-hydro-mechanical processes presented in Chapter 10 clearly 
demonstrates that such processes have limited impact on safety. Continued research on the underlying 
processes is still warranted, although possibly primarily for input to the rock engineering design 
of the repository. With respect to long term safety issues, those worth further assessment include 
revisiting the current assumptions on stress-transmissivity couplings for fractures and deformation 
zones and revisiting current assumptions on excess porewater pressure during the glacial cycle. 
Current assumptions are judged to overstate the importance of these effects.

Glacially induced stresses and earthquake simulations 
There have been major advances regarding the potential for earthquakes and their implications for 
safety since SR-Can. Potentially, there is some risk contribution from this mechanism, but it is low. 
Furthermore, the adaptation of the repository to deformation zones and fractures is handled within 
the detailed investigation programme, see Section 15.6. Considering that mechanical stability is 
fundamental, research on the prerequisites (e.g. state of stress) for glacially induced fault triggering 
should still continue. Further development of the earthquake simulation tools and approaches is also 
considered worthwhile.

DFN methodology 
A better understanding of the fracture network in crystalline bedrock is essential for gaining a more 
realistic understanding, decreasing the uncertainty of models representing geological, mechanical, 
and hydrological aspects of the rock. Thus, efforts will be made to: Investigate how estimated fracture 
intensity depends on measuring methods, identify what extra data are needed for limiting values for 
input parameter values that would limit the possible range of model outputs, develop an efficient 
method in order to evaluate differences between different models, further investigate the distribution 
of fracture apertures over the fracture surface, study effects of connectivity of fractures, for example 
through channelling, truncation, or alternative methods for generating fracture networks, and evaluate 
alternative concepts for generation of fractures.

Groundwater chemistry – sulphide 
As shown in Section 13.6, the future sulphide levels in the groundwater have a strong influence 
on risk. The sulphide distribution applied in SR-Site is judged to pessimistically overestimate the 
consequences of future sulphide concentrations, especially since it is assumed that locations with 
high sulphide levels will remain at high levels throughout the assessment period. Further research 



TR-11-01 841

to better bound the expected evolution of sulphide and the processes affecting this evolution at 
the Forsmark site is thus warranted. Such research would include further assessments of errors 
introduced by the sampling and monitoring equipment.

Microbial processes 
Redox conditions and sulphide levels directly affect risk. Since these conditions are strongly affected 
by microbial activity, the ability of microbes to maintain a low and stable redox potential in the near 
field and the far field and their role for sulphide formation and oxygen consumption still warrants 
further research. 

Radionuclide migration
In Section 10.3.6 it is argued that the calculated flow-related transport resistance values do not need 
to be reduced due to channelling effects. This argument is based on motivations provided in the 
Radionuclide transport report and also summarised in the Data report. In short, the argument 
is based on calculations showing that channelling leads to stagnant water in the fracture planes 
(between the channels) enhancing the potential for matrix diffusion due to the fast diffusion from 
the flowing channels into the stagnant parts of the fracture. Furthermore, supporting calculations 
using the alternative conceptual model CHAN3D / Liu et al. 2010/ indicate that broadly consistent 
flow-related transport resistance values to those presented in / Joyce et al. 2010/ are obtained, see 
Section 10.3.6 for details. This further supports the assumption made on channelling.

However, in order to shed additional light on the assumptions made in SR-Site, continuing research 
in the field of channelling should be pursued. Specifically, high resolution numerical simulations 
of fractures with spatially variable apertures are planned. The objective is to study the effects of 
channelling within fractures, and between fractures in a network, with variable apertures. With a 
more detailed understanding of channelling phenomena, more conclusive statements concerning 
the assumptions made in SR-Site can be drawn.

15.7.5 Biosphere
A number of potential improvements have been identified that may contribute to gaining further 
confidence, reducing uncertainties or reducing the level of pessimism in the assessment. The detailed 
site investigations include mainly additional data collection, whereas the RD&D Program spans 
from improving assessment models with existing information, to compilation of new knowledge by 
reviews and by basic research. Collection of additional site data, compilation of new knowledge 
and implementation of the knowledge in assessment models is an iterative process, often involving 
the same individuals and research groups.

Collection of additional site data on concentrations of elements in different media is one way to 
reduce uncertainties in parameters describing radionuclide retention and biological uptake (see 
Section 15.6.10). In order to predict retention and biological uptake of radionuclides in the future 
landscape, when environmental conditions may be different from today, it is also important to 
increase the understanding of important processes. A better process understanding may be achieved 
by complementary and deepened analyses of data on element and isotope concentrations. 

For some nuclides it may also be possible to describe sorption and/or biological uptake by alternative 
modelling approaches that are less sensitive to parameter uncertainties. The coming RD&D Program 
will therefore aim at developing assessment tools that explicitly describe biological uptake as deter-
mined by physiological processes / Kumblad and Kautsky 2004/. For primary producers this means 
that both active and passive uptake will be modelled, and that the bioavailability of radionuclides 
and the competition between radioactive and stable isotopes will be considered e.g. / Avila 2006/. 
Beside additional collection of site data, further studies on radionuclide transport in the regolith by 
chemical modelling, see / Piqué et al. 2010/, are needed to reduce uncertainty in Kd values. Together 
with mass balance calculations of different elements, studies of element fluxes in the landscape 
should be continued with new data to explore element transport and limits for element retention 
in	the	landscape	/	Tröjbom	et	al.	2007/.
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The biosphere assessment is in the current calculation chain implemented by the concept of maximum 
LDF for a unit release (1 Bq/y), i.e. the maximum LDF is taken across all biosphere objects and 
all times, separately for each radionuclide. This decoupling between the LDF’s on the one hand 
and the space and time dimensions on the other, will most likely result in overestimated doses. The 
degree of overestimation may be evaluated in studies where hydrogeological models are connected 
to the biosphere models. Such studies are necessary to evaluate the pessimism that follows from the 
simplifications of a presumed pulsed release, and should contribute to a more thorough understanding 
of important processes for radionuclide transport from the repository to the biosphere. The conceptual 
understanding and description of future landscapes will gain considerably from data collected from 
environmental regimes other than today’s Forsmark, e.g. Greenland, as well as from a further review 
of how other cultures explore and utilise the landscape they inhabit. 

The methodology used to evaluate dose to non-human biota needs further development to fully 
utilise site data. 

15.7.6 Climate 
In order to further assess the degree of pessimism in various assumptions made in SR-Site modelling 
of groundwater flow and chemistry under glacial and periglacial climate conditions, further research 
is needed. In order to increase the conceptual knowledge necessary for the set up of such model 
simulations, the use of present-day analogues, such as observations of glacial hydrological processes 
from the Greenland ice sheet and hydrological interpretations of paleodrainage systems from the last 
glacial cycle in Fennoscandia, should be used.

Apart from the work of identifying and describing extremes within which climate and climate related 
processes may vary, the work within SR-Site also focussed on describing climate and climate related 
processes within each of the climate domains, and during some of the transitions between domains. 
Future research should include further description and analysis of transitions between climate domains, 
and the potential changes in processes that may relate specifically to such transition phases. This work 
should also include the coupling to the representation of processes and features in the biosphere and 
other programmes under such transition phases.

15.8 Conclusions regarding the safety assessment methodology 
The assessment methodology outlined in Chapter 2 has been found adequate for analysing long-term 
safety of a KBS-3 repository according to requirements in applicable Swedish regulations. It is also 
in line with international practice for safety assessments. Much of the technical feedback given 
in the above sections is expected to lead to updated input to future assessments and will influence 
the approach used when addressing the issues in such future assessments.
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Appendix A 

Applicable regulations and SKB’s implementation of these in 
the safety assessment SR-Site 
This Appendix contains regulatory texts issued by SSM applicable to a safety assessment for a nuclear 
waste repository. References to SKB’s plan for complying with the regulations have been inserted in 
italics at relevant places in Sections A1.1 (SSMFS 2008:21) and A2.1 (SSMFS 2008:37).

A1 SSMFS 2008:21 
SSM has issued Regulations concerning Safety in connection with the Disposal of Nuclear Material 
and Nuclear Waste and General Recommendations concerning the application of those Regulations, 
both in SSMFS 2008:21. 

Whereas the Regulations have a clear legal status, General Recommendations are described in 1 § 
Ordinance on Regulatory Codes (1976:725) as: Such general recommendations on the application of 
regulations that stipulate how someone can or should act in a certain respect.

A1.1 Regulations in SSMFS 2008:21
The Swedish Radiation Safety Authority’s Regulations concerning Safety in connection with the 
Disposal of Nuclear Material and Nuclear Waste decided on December 19, 2008.

On the basis of 20 a and 21 §§ of the Ordinance (1984:14) on Nuclear Activities, the Swedish 
Radiation Safety Authority has issued the following regulations and decided on the following general 
recommendations.

Application
1 § These regulations apply to facilities for the disposal of spent nuclear fuel and waste (repositories). 
The regulations do not apply to facilities for landfill disposal of low-level nuclear waste in accordance 
with 19 § of the Ordinance (1984:14) on Nuclear Activities.

The regulations contain supplementary provisions to the Swedish Radiation Safety Authority’s 
regulations (SSMFS 2008:1) concerning Safety in Certain Nuclear Facilities.

Barriers and their Functions
2 § Safety after the closure of a repository shall be maintained through a system of passive barriers.

3 § The function of each barrier shall be to, in one or several ways, contribute to the containment, 
prevention or retardation of dispersion of radioactive substances, either directly, or indirectly by 
protecting other barriers in the barrier system.

Handling in SR-Site: The ways in which the barriers contribute to safety is discussed in detail in 
Chapter 8. The calculation cases in Section 13.7.3 address this issue directly. In general, most of the 
safety assessment is aimed at demonstrating barrier safety.

4 § A deficiency in any of the repository’s barrier functions that is detected during the construction 
or operational surveillance of the repository and that can lead to a deterioration in safety after closure 
in addition to that anticipated in the safety report23, shall be reported to the Swedish Radiation Safety 
Authority without delay24. The same applies if such a deficiency is suspected to occur or if the pos-
sibility that such a deficiency can occur in the future is suspected.

23 Cf. Chapter 4. 2 § of the Swedish Radiation Protection Authority’s regulations (SSMFS 2008:1) concerning 
Safety in Certain Nuclear Facilities. 
24  Cf. Chapter 2. 2 § of the Swedish Radiation Protection Authority’s regulations (SSMFS 2008:1) 
concerning Safety in Certain Nuclear Facilities. 
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Design and Construction
5 § The barrier system shall be able to withstand such features, events and processes that can affect 
the post-closure performance of the barriers.

Handling in SR-Site: The overall purpose of the safety assessment can be said to demonstrate this point.

6 § The barrier system shall be designed and constructed taking into account the best available technique25.

Handling in SR-Site: The issue of BAT is addressed in Sections 2.7, 14.3 and 15.3.5.

7 § The barrier system shall comprise several barriers so that, as far as possible, the necessary safety 
is maintained in spite of a single deficiency in a barrier.

Handling in SR-Site: This issue is addressed in many of the analyses. In particular, a set of calcula-
tion cases to illustrate this issue is presented in Section 13.7.3.

8 § The impact on safety of such measures that are adopted to facilitate the monitoring or retrieval of 
disposed nuclear material or nuclear waste from the repository, or to make access to the repository 
difficult, shall be analysed and reported to the Swedish Radiation Safety Authority.

Safety Assessment
9 § In addition to the provisions of Chapter 4. 1 § of the Swedish Radiation Safety Authority’s 
Regulations (SSMFS 2008:1) concerning the Safety in Certain Nuclear Facilities, the safety 
assessments shall also comprise features, events and processes which can lead to the dispersion of 
radioactive substances after closure, and such analyses shall be made before repository construction, 
before repository operation and before repository closure.

Handling in SR-Site: The systematic management in a database of the mentioned features, events and 
processes in SR-Site is discussed in Chapter 3 and in the FEP report. The detailed management of 
many of these factors is discussed throughout the report. Verification that FEPs omitted in earlier parts 
of the assessment are of negligible significance in light of the completed scenario and risk analysis is 
provided in Section 14.4.

10 § A safety assessment shall comprise as long time as barrier functions are required, but at least ten 
thousand years.

Handling in SR-Site: The timescales of relevance for SR-Site are discussed in Section 2.4.

Safety Report
11 § The safety report for a repository shall, in addition what is required in Chapter 4 2 § of the 
Swedish Radiation Safety Authority’s Regulations (SSMFS 2008:1) concerning Safety in Certain 
Nuclear Facilities, contain the information required in Appendix 1 of these regulations and which 
concerns the time after closure.

Prior to repository closure, the final safety assessment must be renewed and subjected to a safety review 
in accordance with Chapter 4. 3 § of the Swedish Radiation Safety Authority’s regulations (SSMFS 
2008:1) Concerning Safety in Certain Nuclear Facilities and must be reviewed and approved by the 
Swedish Radiation Safety Authority.

Exceptions
12 § The Swedish Radiation Safety Authority may grant exceptions, if particular grounds exist, from 
these regulations if this can be achieved without departing from the purpose of the regulations and 
on condition that safety can be maintained.

25 Cf. Chapter 2. 3 § of the Swedish Environmental Code.
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Appendix 1
The following shall be reported with regard to analysis methods:
– how one or several methods have been used to describe the passive system of barriers in the reposi-
tory, its performance and evolution over time; the method or methods shall contribute to providing a 
clear view of the features, events and processes that can affect the performance of the barriers and the 
links between these features, events and processes,

Handling in SR-Site: The format for system description is discussed in Chapter 5 (initial state), Chapter 6 
(external conditions) and Chapter 7 (processes). The description of system evolution is related to the 
entire assessment and is analysed in detail as a reference evolution in Chapter 10. Variants of this 
evolution are analysed for a number of scenarios in Chapter 12. 

– how one or several methods have been used to identify and describe relevant scenarios for sequences 
of events and conditions that can affect the future evolution of the repository; the scenarios shall include 
a main scenario that takes into account the most probable changes in the repository and its environment,

Handling in SR-Site: The scenario selection method for SR-Site is described in Section 2.5.8 and its 
implementation in Chapter 11.

– the applicability of models, parameter values and other conditions used for the description and 
quantification of repository performance as far as reasonably achievable,

Handling in SR-Site: This is done in the Model summary report, see e.g. Section 7.5 and the Data 
report, see Chapter 9. 

– how uncertainties in the description of the functions, scenarios, calculation models and calculation 
parameters used in the description as well as variations in barrier properties have been handled in the 
safety assessment, including the reporting of a sensitivity analysis which shows how the uncertain-
ties affect the description of barrier performance and the analysis of consequences to human health 
and the environment.

Handling in SR-Site: The management of uncertainties permeates the safety assessment. A plan for 
the management of uncertainties is given in Section 2.8.3. Sensitivity analyses occur in a number 
of places in the reference evolution and the analyses of different scenarios, see e.g. Sections 12.2.2, 
12.6.2, 13.5.11 and 13.6.2. Sensitivity of the main risk contributors to various conceptual uncertain-
ties is analysed in Section 13.10.

The following shall be reported with respect to the analysis of post-closure conditions:
– the safety assessment in accordance with 9 § comprising descriptions of the evolution in the bio-
sphere, geosphere and repository for selected scenarios; the environmental impact of the repository 
for selected scenarios, including the main scenario, with respect to defects in engineered barriers and 
other identified uncertainties.

Handling in SR-Site: This is essentially the reporting of the analyses of the reference evolution in 
Chapter 10 and of the selected scenarios in Chapter 12.

A1.2 Excerpts from the General Recommendations in SSMFS 2008:21
The Swedish Radiation Safety Authority’s General Recommendations concerning the 
Application of the Regulations concerning Safety in connection with the Disposal of Nuclear 
Material and Nuclear Waste (SSMFS 2002:1)
The following is the unabbreviated Recommendations relevant to 9 and 10 § and Appendix of SSMFS 
2008:21, i.e. those sections that concern the safety assessment.

On 9 § and Appendix
The safety of a repository after closure is analysed quantitatively, primarily by estimating the 
possible dispersion of radioactive substances and how it is distributed in time for a relevant selection 
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of future possible sequences of events (scenarios). The purpose of the safety assessment is to show, 
inter alia, that the risks from these scenarios are acceptable in relation to the requirements on the 
protection of human health and the environment issued by the Swedish Radiation Safety Authority 
(SSMFS 2008:37). The safety assessment should also aim at providing a basic understanding of 
the repository performance on different time-periods and at identifying requirements regarding the 
performance and design of different repository components. 

A scenario in the safety assessment comprises a description of how a given combination of external 
and internal conditions affect repository performance. Two groups of such conditions are:

•	 external	conditions	in	the	form	of	features,	events	and	processes	which	occur	outside	repository	
barriers; this includes climate changes and their consequential impact on the repository environ-
ment, such as permafrost, glaciation, land subsidence and elevation as well as the impact of human 
activities,

•		 internal	conditions	in	the	form	of	features,	events	and	processes	which	occur	inside	the	reposi-
tory; this includes properties, including defects, of nuclear material, nuclear waste and engineered 
barriers and related processes as well as properties of the surrounding geological formation and 
related processes.

Based on an analysis of the probability of occurrence of different types of scenarios in different time-
periods, scenarios with a significant impact on repository performance should be divided into different 
categories:

•		 main	scenario,

•		 less	probable	scenarios,

•		 other	scenarios	or	residual	scenarios.

The main scenario should be based on the probable evolution of external conditions and realistic, 
or where justified, pessimistic assumptions with respect to the internal conditions. It should comprise 
future external events which have a significant probability of occurrence or which cannot be shown to 
have a low probability of occurrence during the time covered in the safety assessment. Furthermore, 
it should be based, as far as possible, on credible assumptions with respect to internal conditions, 
including substantiated assumptions concerning the occurrence of manufacturing defects and other 
imperfections, and which allow for an analysis of the repository barrier functions (it is, for example, 
not sufficient to always base the analysis on leak-tight waste containers, even if this can be shown 
to be the most probable case). The main scenario should be used as the starting point for an analysis 
of the impact of uncertainties (see below), which means that the analysis of the main scenario also 
includes a number of calculation cases.

Less probable scenarios should be prepared for the evaluation of scenario uncertainty (see also 
below). This includes variations on the main scenario with alternative sequences of events as well 
as scenarios that take into account the impact of future human activities such as damage inflicted 
on barriers. (Damage to humans intruding into the repository is illustrated by residual scenarios, see 
below). The analysis of less probable scenarios should include analyses of such uncertainties that are 
not evaluated within the framework of the main scenario.

Residual scenarios should include sequences of events and conditions that are selected and studied 
independently of probabilities in order to, inter alia, illustrate the significance of individual barriers 
and barrier functions. The residual scenarios should also include cases to illustrate damage to 
humans intruding into the repository as well as cases to illustrate the consequences of an unclosed 
repository that is not monitored.

Handling in SR-Site: The methodology for selection of scenarios is described in Section 2.5.8 and 
its implementation is described in Chapter 11.
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The lack of knowledge and other uncertainties in the calculation conditions (assumptions, models, 
data) is denoted in this context as uncertainties26. These uncertainties can be classified as follows:

•	 scenario	uncertainty:	uncertainty	with	respect	to	external	and	internal	conditions	in	terms	of	type,	
degree and time sequence,

•	 system	uncertainty:	uncertainty	as	to	the	comprehensiveness	of	the	description	of	the	system	of	
features, events and processes used in the analysis of both individual barrier performance and the 
performance of repository as a whole,

•	 model	uncertainty:	uncertainty	in	the	calculation	models	used	in	the	analysis,
•	 parameter	uncertainty:	uncertainty	in	the	parameter	values	(input	data)	used	in	the	calculations,
•	 spatial	variation	in	the	parameters	used	to	describe	the	barrier	performance	of	the	rock	(primarily	

with respect to hydraulic, mechanical and chemical conditions).

There are often no clear boundaries between the different types of uncertainties. The most important 
requirement is that the uncertainties should be described and handled in a consistent and structured 
manner.

The evaluation of uncertainties is an important part of the safety assessment. This means that uncer-
tainties should be discussed and examined in depth when selecting calculation cases, calculation 
models and parameter values as well as when evaluating calculation results.

Handling in SR-Site: The management of uncertainties permeates the safety assessment. A plan for 
the management of uncertainties is given in Section 2.8.3.

The assumptions and calculation models used should be carefully selected with respect to the princi-
ple that the application and the selection should be justified through a discussion of alternatives and 
with reference to scientific data. In cases where there is doubt as to a suitable model, several models 
should be used to illustrate the impact of the uncertainty involved in the choice of model.

Handling in SR-Site: This matter is mainly addressed in the Process reports and, for external 
influences, in the Climate report, see further Chapters 7 and 6, respectively. A structured account of 
important selected models is given in the Model summary report. 

Both deterministic and probabilistic methods should be used so that they complement each other and, 
consequently, provide as comprehensive a picture of the risks as possible.

Handling in SR-Site: Most of the calculations in SR-Site are deterministic. Probabilistic calcula-
tions are used essentially as a means of handling data uncertainty and spatial variability in model-
ling radionuclide transport and dose, in particular in Chapter 13.

The probabilities that the scenarios and calculation cases will actually occur should be estimated as 
far as possible in order to calculate risk. Such estimates cannot be exact. Consequently, the estimates 
should be substantiated through the use of several methods, for example, assessments by several 
independent experts. This can be done, for example, through estimates of when different events can 
be expected to have occurred.

Handling in SR-Site: Probabilities of scenarios that are not excluded from the risk summation as being 
“residual” are derived pessimistically. This is a component of the general approach to risk estimates, 
see Section 2.6.2. Of relevance is also the method for scenario selection described in Section 2.5.8 and 
implemented as described in Chapter 11. The analyses leading to the categorisation of the selected 
scenarios is provided in Chapter 12.

Based on scenarios that can be shown to be especially important from the standpoint of risk, a number 
of design basis cases should be identified. Together with other information, such as on manufacturing 
method and controllability, these cases should be used to substantiate the design basis such as require-
ments on barrier properties.

Handling in SR-Site: See Section 15.4.

26 This explanation of the term uncertainty only makes sense in Swedish where the same word (säkerhet) is 
used to denote both certainty and safety. 
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Particularly in the case of disposal of nuclear material, for example spent nuclear fuel, it should be 
shown that criticality cannot occur in the initial configuration of the nuclear material. With respect to 
the redistribution of the nuclear material through physical and chemical processes, which can lead to 
criticality, it should be shown that such a redistribution is very improbable.

Handling in SR-Site: See Section 13.3 and further the Fuel and canister process report, Section 2.1.3.

The result of calculations in the safety assessment should contain such information and should be pre-
sented in such a way that an overall judgement of safety compliance with the requirements can be made.

Handling in SR-Site: This is an overall requirement on the quality of the safety reporting, which has 
governed the compilation of the SR-Site report. Compliance is discussed in Section 15.3.

The validity of assumptions used, such as models and parameter values, should be supported, for 
example through the citing of references to scientific literature, special investigations and research 
results, laboratory experiments on different scales, field experiments and studies of natural phenomena 
(natural analogues).

Handling in SR-Site: Justification of models, on the bases mentioned, is done in the Process 
reports, and for external influences, in the Climate report. A structured account of all important 
models is given in the Model summary report. Parameter values are justified in the Data report. 

Scientific background material and expert assessments should be documented in a traceable manner 
by thoroughly referring to scientific literature and other material.

Handling in SR-Site: This is addressed in much of the documentation of SR-Site, in particular the 
three Process reports, the Climate report and the Data report. 

On 10 §
The time-period for which safety has to be maintained and demonstrated should be a starting point for 
the safety assessment. One way of discussing and justifying the establishment of such a time period is 
to start from a comparison of the hazard of the radioactive inventory of the repository with the hazard 
of radioactive substances occurring in nature. However, it should also be possible to take into consid-
eration the difficulties of conducting meaningful analyses for extremely long time-periods, beyond one 
million years, in any other way than through showing how the hazard of the radioactive substances in 
the repository declines with time.

In the case of a repository for long-lived waste, the safety assessment may have to include scenarios 
which take into account greater expected climate changes, primarily in the form of future glaciations. 
For example, the next complete glacial cycle which is currently estimated to be on the order of 
100,000 years, should be particularly taken into account.

Handling in SR-Site: The timescale for SR-Site is discussed in Section 2.4.

In the case of periods up to 1,000 years after closure, in accordance with the regulations of SSIFS 
1998:1, the dose and risk calculated for current conditions in the biosphere constitute the basis for 
the assessment of repository safety and its protective capabilities.

Furthermore, in the case of longer periods, the assessment can be made using dose as one of several 
safety indicators. This should be taken into account in connection with the calculations as well as the 
presentation of analysis results. Examples of such supplementary safety indicators are the concentra-
tions of radioactive substances from the repository which can build up in soils and near-surface 
groundwater or the calculated flow of radioactive substances to the biosphere. 

(Compare the regulations in SSMFS 2008:37 and SSM’s comments on those regulations).

Handling in SR-Site: Alternative safety indicators are selected in Section 2.6.3 and applied in 
Section 13.5.8 and further in the Radionuclide transport report.
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A2 SSMFS 2008:37 
SSI has in SSMFS 2008:37 issued Regulations concerning the Protection of Human Health and the 
Environment in connection with the Final Management of Spent Nuclear Fuel or Nuclear Waste, and 
General Guidance concerning the application of these regulations.

Whereas the Regulations have a clear legal status, General Recommendations are described in 1 § 
Ordinance on Regulatory Codes (1976:725) as: Such general recommendations on the application of 
regulations that stipulate how someone can or should act in a certain respect.

A2.1 SSMFS 2008:37
The Swedish Radiation Safety Authority’s Regulations concerning the Protection of Human 
Health and the Environment in connection with the Final Management of Spent Nuclear Fuel 
or Nuclear Waste; decided on December 19, 2008.
On the basis of 7 and 8 §§ of the Radiation Protection Ordinance (1988:293), the Swedish Radiation 
Protection Institute stipulates the following.

1 § These regulations are to be applied to the final management of spent nuclear fuel or nuclear waste. 
The regulations do not apply to landfills for low-level nuclear waste in accordance with 19 § of the 
Ordinance (1984:14) on Nuclear Activities. 

Definitions
2 § In these regulations, concepts are defined as follows:

• best available technique: the most effective measure available to limit the release of radioactive 
substances and the harmful effects of the releases on human health and the environment which 
does not entail unreasonable costs,

• intrusion: human intrusion into a repository which can affect its protective capability,

• optimisation: keeping the radiation doses to mankind as low as reasonably achievable, economic 
and social factors taken into account,

• harmful effects: cancer (fatal and non-fatal) as well as hereditary defects in humans caused by 
ionising radiation in accordance with paragraphs 47–51 of the International Radiation Protection 
Commission’s Publication 60, 1990,

• protective capability: the capability to protect human health and the environment from the harm-
ful effects of ionising radiation,

• final management: handling, treatment, transportation, interim storage prior to, and in connection 
with final disposal as well as the final disposal,

• risk: the product of the probability of receiving a radiation dose and the harmful effects of the 
radiation dose.

Terms and concepts used in the Radiation Protection Act (1988:220) and the Act (1984:3) on Nuclear 
Activities have the same meanings in these regulations.

Holistic Approach etc.
3 § Human health and the environment shall be protected from the harmful effects of ionising radia-
tion, during the time when the various stages of the final management of spent nuclear fuel or nuclear 
waste are being implemented as well as in the future. The final management may not cause impacts 
on human health and the environment outside Sweden’s borders that are more severe than those accepted 
inside Sweden.

4 § Optimisation must be achieved and the best available technique shall be taken into consideration 
in the final management of spent nuclear fuel or nuclear waste.
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The collective dose, as a result of the expected outflow of radioactive substances during a period of 
1,000 years after closure of a repository for spent nuclear fuel or nuclear waste shall be estimated as 
the sum, over 10,000 years, of the annual collective dose. The estimate shall be reported in accordance 
with 10–12 §§.

Handling in SR-Site: The aspects of optimisation and best available technique that can be addressed 
in the safety assessment are addressed in Sections 2.7, 14.3 and 15.3.5. Collective dose is addressed 
in Section 13.6.5.

Protection of human health
5 § A repository for spent nuclear fuel or nuclear waste shall be designed so that the annual risk of 
harmful effects after closure does not exceed 10–6 for a representative individual in the group exposed 
to the greatest risk27.

The probability of harmful effects as a result of a radiation dose shall be calculated using the probabil-
ity coefficients provided in the International Radiation Protection Commission’s Publication 60, 1990.

Handling in SR-Site: Estimation of risk and assessing compliance with the above criterion is one of 
the main purposes of SR-Site. Much of the methodology outlined in Chapter 2 is aimed at achieving 
this end-point. Issues directly related to the calculation of risk are discussed in Section 2.6. A summation 
of the calculated risk contributions from relevant scenarios is given in Section 13.9 and a discussion of 
compliance is given in Section 15.2.1.

Environmental Protection
6 § The final management of spent nuclear fuel or nuclear waste shall be implemented so that 
biodiversity and the sustainable use of biological resources are protected against the harmful effects 
of ionising radiation. 

7 § Biological effects of ionising radiation in living environments and ecosystems concerned shall be 
described. The report shall be based on available knowledge concerning the ecosystems concerned 
and shall take particular account of the existence of genetically distinctive populations such as 
isolated populations, endemic species and species threatened with extinction) and in general any 
organisms worth protecting.

Handling in SR-Site: This issue is addressed in Chapter 13, Sections 13.2.5 and 13.5.7. Conclusions 
are provided in Section 15.3.4. 

Intrusion and Access
8 § A repository shall be primarily designed with respect to its protective capability. If measures are 
adopted to make access easier or to make intrusion difficult, the effects on the protective capability 
of the repository shall be reported.

9 § The consequences of intrusion into a repository shall be reported for the different time periods 
specified in 11–12 §§.

The protective capability of the repository after intrusion shall be described.

Handling in SR-Site: Intrusion issues are discussed in Section 6.2.1 and analysed in Section 14.2 as 
further documented in the FHA report.

27 With respect to facilities in operation, the limitations and instructions that apply are provided in the Swedish 
Radiation Protection Institute’s regulations (SSI FS 1991:5, amended 1997:2) concerning the limitation of 
releases of radioactive substances from nuclear power plants and the Swedish Radiation Protection Institute’s 
regulations (SSI FS 1994:2, amended 1997:3) concerning health physics for activities involving ionising 
radiation at nuclear facilities.
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Time Periods
10 § An assessment of a repository’s protective capability shall be reported for two time periods of 
orders of magnitude specified in 11–12 §§. The description shall include a case, which is based on 
the assumption that the biospheric conditions which exist at the time that an application for a licence 
to operate the repository is submitted will not change. Uncertainties in the assumptions made shall 
be described and taken into account in the assessment of the protective capability.

The first thousand years following repository closure
11 § For the first thousand years following repository closure, the assessment of the repository’s 
protective capability shall be based on quantitative analyses of the impact on human health and the 
environment. 

Period after the first thousand years following repository closure
12 § For the period after the first thousand years following repository closure, the assessment of the 
repository’s protective capability shall be based on various possible sequences for the development 
of the repository’s properties, its environment and the biosphere.

Handling in SR-Site (11 § and 12 §): This is mainly addressed in the reference evolution, Chapter 10, 
which is divided into several time frames. The first 1,000 years are treated as part of the initial temper-
ate period. A number of scenarios are analysed (Chapters 12 and 13), covering various possibilities for 
the repository evolution. 

Exceptions
13 § If special grounds exist, the Swedish Radiation Protection Institute may announce exceptions 
from these regulations.

A2.2 General Guidance on SSMFS 2008:37
The Swedish Radiation Safety Authority’s guidelines on the application of the regulations (SSMFS 
2008:37) concerning protection of human health and the environment in connection with the final 
management of spent nuclear fuel and nuclear waste; decided upon on 19 December 2008.

Unofficial translation
Guidelines concerning geological disposal of spent nuclear fuel and nuclear waste
On Section 1: Area of application
These guidelines are applicable to final geological disposal of spent nuclear fuel and nuclear waste. 
The guidelines cover measures undertaken with a view to develop, site, construct, operate and 
close a repository, which can affect the protective capability of the repository and environmental 
consequences after closure. 

The guidelines are also applicable to measures that are to be undertaken with spent nuclear fuel and 
nuclear waste before final disposal and which can affect the protective capability of the repository 
and environmental consequences after closure. This includes activities at other installations such 
as the conditioning of waste that takes place by casting waste in concrete and by encapsulation of 
spent nuclear fuel, as well as transportation between installations and steering of waste to different 
repositories, including shallow land burials for low-level nuclear waste that are licenced in accord-
ance with Section 19 of the Ordinance (1984:14) on Nuclear Activities. However, the guidelines, like 
the regulations, are not applicable to the land burial itself.

On Section 2: Definitions
Terms used in the Radiation Protection Act (1988:220), the Act (1984:3) on Nuclear Activities and 
SSM’s Regulations on protection of human health and the environment in connection with final 
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management of spent nuclear fuel and nuclear waste have the same meaning in these guidelines. In 
addition, the following definitions are used:

Scenario: A description of the development of the repository given an initial state and 
specified conditions in the environment and their development. 

Exposure pathway: The migration of the radioactive substances from a repository to a place where 
human beings or an organism covered by the environmental protection regula-
tions are present. This includes dispersion in the geological barrier, transport 
with water and air flows, migration in ecosystems and uptake in human beings 
or organisms in the environment.

Risk analysis: An analysis with the aim to clarify the protective capability of a repository 
and its consequences with regard to the environmental impact and the risk 
for human beings.

On Sections 4, 8 and 9: Holistic approach etc. intrusion and access
Optimisation and Best Available Technique
The regulations require that optimisation must be performed and that best available technique should 
be taken into account. Optimisation and best available technique should be applied in parallel with a 
view to improving the protective capability of the repository.

Measures for optimisation of a repository should be evaluated on the basis of calculated risks.

Application of best available technique in connection with final disposal means that the siting, design, 
construction, operation and closure of the repository and appurtenant system components should be 
carried out so as to prevent, limit and delay releases from both engineered and geological barriers as 
far as is reasonably possible. When striking balances between different measures, an overall assess-
ment should be made of their impact on the protective capability of the repository.

In cases where considerable uncertainty is attached to the calculated risks, for instance, in analyses 
of the repository a long time after closure, or analyses made at an early stage of the development 
work with the repository system, greater weight should be placed on best available technique. 

In the event of any conflicts between application of optimisation and best available technique, priority 
should be given to best available technique. 

Experience from recurrent risk analyses and the successive development work with the repository 
should be used in the application of optimisation and best available technique.

Handling in SR-Site: The aspects of optimisation and best available technique that can be addressed 
in the safety assessment are addressed in Sections 2.7, 14.3 and 15.3.5.

Collective dose
The regulations require an account of the collective dose from releases that take place during the first 
thousand years after closure. For final disposal the collective dose should also be used in compari-
sons between alternative repository concepts and sites. The collective dose need not be reported if 
the repository concept entails a complete isolation of the spent nuclear fuel or the nuclear waste in 
engineered barriers during the first thousand years after closure.

Handling in SR-Site: An estimate of the collective dose is provided in Section 13.6.5.

Occupational radiation protection 
An account should be given of measures undertaken for radiation protection of workers that may have 
a negative impact on the protective capability of the repository or make it more difficult to assess. 

Handling in SR-Site: No such measures have been identified in SR-Site. 
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Future human action and the preservation of information
When applying best available technique, consideration should also be given to the possibility to reduce 
the probability and consequences of inadvertent future human impact on the repository, for instance, 
inadvertent intrusion. Increased repository depth and avoidance of sites with extractable mineral assets 
may, for instance, be considered to decrease the probability of unintentional human intrusion. 

Handling in SR-Site: Ore potential is evaluated for the site, see Section 4.3.2. This information is 
propagated to the analyses of FHA-scenarios in Section 14.2. Inadvertent intrusion is discussed as one 
of many factors when feedback is given to the selection of repository depth in Section 14.3.4 and 15.5.18. 

Preservation of knowledge about the repository could reduce the risk of future human impact. A strategy 
for preservation of information should be produced so that measures can be undertaken before closure of 
the repository. Examples of information that should be taken into consideration are information about the 
location of the repository, its content of radioactive substances and design. 

Handling in SR-Site: The production of such a strategy is not an issue for the safety assessment. As 
documented elsewhere in SKB’s licence application, information about the repository will be collected 
and stored during construction, operation and closure of the repository according to applicable legal 
requirements. A strategy for preservation of information after closure will be developed by SKB, to 
some extent as part of international cooperation on this subject, in reasonable time before closure.

On Sections 5–7: Protection of human health and the environment
Risk for the individual from the general public
The relationship between dose and risk
According to the regulations, the recommendations of the International Commission on Radiological 
Protection (ICRP) are to be used for calculation of the harmful effects of ionizing radiation. According 
to ICRP Publication No. 60, 1990, the factor for conversion of effective dose to risk is 7.3 percent per 
sievert. 

The regulation’s criterion for individual risk
According to the regulations, the risk for harmful effects for a representative individual in the group 
exposed to the greatest risk (the most exposed group) shall not exceed 10–6 per year. Since the most 
exposed group cannot be described in an unambiguous way, the group should be regarded as a way 
of quantifying the protective capability of the repository. 

One way of defining the most exposed group is to include the individuals that receive a risk in the 
interval from the highest risk down to a tenth of this risk. If a larger number of individuals can be 
considered to be included in such a group, the arithmetic average of individual risks in the group can 
be used for demonstrating compliance with the criterion for individual risk in the regulations. One 
example of such exposure situation is a release of radioactive substances into a large lake that can be 
used as a source of drinking water and for fishing. 

If the exposed group only consists of a few individuals, the criterion of the regulations for individual 
risk can be considered as being complied with if the highest calculated individual risk does not 
exceed 10–5 per year. An example of a situation of this kind might be if consumption of drinking 
water from a drilled well is the dominant exposure path. In such a calculation example, the choice 
of individuals with the highest risk load should be justified by information about the spread in 
calculated individual risks with respect to assumed living habits and places of stay. 

Handling in SR-Site: The most exposed group is defined as the group of individuals that receives 
the highest exposure across all potential release areas (i.e. biosphere objects) in the landscape, see 
further Section 13.2.3 and the Biosphere synthesis report.

Averaging risk over a lifetime
The individual risk should be calculated as an annual average on the basis of an estimate of the life-
time risk for all relevant exposure pathways for every individual. The lifetime risk can be calculated 
as the accumulated lifetime dose multiplied by the conversion factor of 7.3 percent per sievert.
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Handling in SR-Site: This approach is used in SR-Site, see Section 13.2.3 and the Biosphere synthesis 
report.

Averaging risk between generations
Deterministic and probabilistic calculations can both be used to illustrate how risk from the reposi-
tory develops over time. A probabilistic analysis can, however, in certain cases give an insufficient 
picture of how an individual detrimental event, for instance, a major earthquake, would affect the 
risk for a particular generation. The probabilistic calculations should in this case be supplemented as 
specified in Appendix 1.

Handling in SR-Site: This so called risk dilution phenomenon is addressed in general terms in 
Section 2.6.2, subheading “Risk dilution” and analysed in Section 13.9.4. 

Selection of scenarios 
The assessment of the protective capability of the repository and the environmental consequences 
should be based on a set of scenarios that together illustrate the most important courses of develop-
ment of the repository, its surroundings and the biosphere.

Handling of climate evolution
Taking into consideration the great uncertainties associated with the assumptions on climate evolu-
tion in a remote future and to facilitate the interpretation of the risk to be calculated, the risk analysis 
should be simplified to include a few possible climate evolutions.

A realistic set of biosphere conditions should be associated with each climate evolution. The different 
climate evolutions should be selected so that they together illustrate the most important and reason-
ably foreseeable sequences of future climate states and their impact on the protective capability of the 
repository and the environmental consequences. The choice of the climate evolutions that serve as the 
basis for the analysis should be based on a combination of sensitivity analyses and expert judgements. 
Additional guidance is provided in the section with guidelines on Sections 10–12.

The risk from the repository should be calculated for each assumed climate evolution by summing the 
risk contributions from a number of scenarios that together illustrate how the more or less probable 
courses of development in the repository and the surrounding rock affects the repository’s protective 
capability and environmental consequences. The calculated risk should be reported and evaluated in 
relation to the criterion of the regulations for individual risk, separately for each climate evolution. 
The repository should thus be able to be shown to comply with the risk criterion for the alternative 
climate evolutions. If a lower probability than one (1) is stated for a particular climate evolution, this 
should be justified, for instance, by expert judgements.

Handling in SR-Site: The method for selection of scenarios is described in Section 2.5.8. A reference 
climate evolution is used in the definition of a base case of the main scenario. In a global warming 
variant of the main scenario, a climate perturbed by the effects of anthropogenic greenhouse gas 
emissions is assumed. In the analyses of each of the additional scenarios in Chapter 12, both these 
variants are considered. In addition, for each scenario, the impact of uncertainties regarding the 
climate related factors of concern in that particular scenario, are analysed. The results of all these 
scenarios are considered in the risk summation.

Future human action
A number of scenarios for inadvertent human impact on the repository should be presented. The 
scenarios should include a case of direct intrusion in connection with drilling in the repository and 
some examples of other activities that indirectly lead to a deterioration in the protective capability of 
the repository, for example by changing groundwater chemistry or the hydrological conditions in the 
repository or its surroundings. The selection of intrusion scenarios should be based on present living 
habits and technical prerequisites and take into consideration the repository’s properties.

The consequences of the disturbance of the repository’s protective capability should be illustrated 
by calculations of the doses for individuals in the most exposed group, and reported separately 
apart from the risk analysis for the undisturbed repository. The results should be used to illustrate 
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conceivable countermeasures and to provide a basis for the application of best available technique 
(see guidelines on optimisation and best available technique). 

An account need not be given of the direct consequences for the individuals intruding into the repository.

Handling in SR-Site: The above approach is used in SR-Site, see Section 14.2. Regarding counter-
measures, the depth and location (away from ore potential) of the repository have been selected with 
the aim of minimising the risk of inadvertent human intrusion among several other considerations, 
see Section 14.3.4. 

Special scenarios
For repositories primarily based on isolation of the spent nuclear fuel or nuclear waste, an analysis 
of a conceivable loss, during the first thousand years after closure, of one or more barrier functions 
of key importance for the protective capability should be made separately from the risk analysis. The 
intention of this analysis should be to clarify how the different barriers contribute to the protective 
capability of the repository.

Handling in SR-Site: Such an analysis is provided in Section 13.7.3.

 
Biosphere conditions and exposure pathways
The future biosphere conditions for calculations of consequences on human beings and the environ-
ment should be selected in agreement with the assumed climate state. Unless it is clearly unreasonable, 
however, today’s biosphere conditions at the repository and its surroundings should be evaluated, i.e. 
agricultural land, forest, wetland (mire), lake, sea or other relevant ecosystems. Furthermore, considera-
tion should be given to land uplift (or subsidence) and other predictable changes. 

The risk analysis can include a limited selection of exposure paths, although the selection of these 
should be based on an analysis of the diversity of human use of environmental and natural resources 
which can occur in Sweden today. Consideration should also be given to the possibility of individu-
als being exposed to combinations of exposure pathways within and between different ecosystems.

Handling in SR-Site: The above approach is used in SR-Site, see Section 13.2.

Environmental protection
The description of exposure pathways should also include exposure pathways to certain organisms in 
the ecosystems that should be included in the risk analysis. The concentration of radioactive substances 
in soil, sediment and water should be accounted for where this is relevant for the respective ecosystem.

When a biological effect for the identified organisms can be presumed, a valuation should be made 
of the consequence this may have for the affected ecosystems, with the view to facilitating an assess-
ment of impact on biological diversity and a sustainable use of the environment.

The analysis of consequences for organisms in “today’s biosphere”, carried out as above, should be 
used for the assessment of environmental consequences in a long-term perspective. For assumed 
climates, where the present biosphere conditions are evidently unreasonable, for instance, a colder 
climate with permafrost, it is sufficient to make a survey based on knowledge currently available 
about applicable ecosystems. Additional guidelines are contained in Appendix 2.

Handling in SR-Site: The approach used in SR-Site is explained in Section 13.2.5.

Reporting of uncertainties
Identification and assessment of uncertainties in for instance, site-specific and generic data and models 
should take place in accordance with the instructions given in general recommendations from the Swedish 
Nuclear Power Inspectorate. The different categories of uncertainties, which are specified there, should be 
evaluated and reported on in a systematic way and evaluated on the basis of their importance for the result 
of the risk analysis. The report should also include a motivation of the methods selected for handling dif-
ferent types of uncertainties, for instance, in connection with the selection of scenarios, models and data. 
All calculation steps with appurtenant uncertainties should be reported on. 
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Peer review and expert panel elicitation can, in the cases where the basic data is insufficient, be used 
to strengthen the credibility of assessments of uncertainties in matters of great importance for the 
assessment of the protective capability of the repository. 

Handling in SR-Site: The approach to handling of uncertainties is described in Section 2.8.

On Sections 10–12: Time periods
Two time periods are defined in the regulations: the period up to a thousand years after closure and 
the subsequent period. 

For longer time periods, the result of the risk analysis should be successively regarded more as an 
illustration of the protective capability of the repository given certain assumptions. 

Limitation of the risk analysis in time
The following principles should provide guidance for the limitation of the risk analysis in time:

•	 For	a	repository	for	spent	nuclear	fuel,	or	other	long-lived	nuclear	waste,	the	risk	analysis	should	
at least include approximately one hundred thousand years or the period for a glaciation cycle 
to illustrate reasonably predictable external strains on the repository. The risk analysis should 
thereafter be extended in time as long as it provides important information about the possibility 
of improving the protective capability of the repository, although at the longest for a time period 
of up to one million years.

•	 For	other	repositories	for	nuclear	waste,	than	those	referred	to	in	point	1,	the	risk	analysis	should	
at least cover the time until the expected maximum consequences in terms of risk and environ-
mental impact have taken place, although at the longest for a period of time up to one hundred 
thousand years. 

The arguments for the selected limitations of the risk analysis should be presented.

Handling in SR-Site: The assessment period in SR-Site is one million years, see Section 2.4.

Reporting on the first thousand years after closure
The period of time of a thousand years should be regarded as the approximate time period for which 
a risk analysis can be carried out with high credibility with regard to factors such as climate and 
biosphere conditions. For this time period, available measurement data and other knowledge about 
the initial conditions should be used for a detailed analysis and reporting on the development of the 
protective capability of the repository and its surroundings.

The conditions and processes during the early development of the repository, which can affect its 
long-term protective capability, should be described in as much detail as possible. Examples of such 
conditions and processes are the resaturation of the repository, stabilisation of hydrogeological and 
geochemical conditions, thermal evolution and other transient events.

Biosphere conditions and known trends in the surroundings of the repository should also be described 
in detail, partly to be able to characterise “today’s biosphere” (see guidelines to Section 5), and partly 
to be able to characterise the conditions applicable to a conceivable early release from the repository. 
Known trends here refer, for instance, to land uplift (or subsidence), any trends in climate evolution 
and appurtenant changes in use of land and water.

Handling in SR-Site: The above approaches are used in SR-Site, in particular in the analysis of the 
reference evolution, where the first thousand years after closure are included in the detailed evaluation 
of the excavation/operational phase, Section 10.2, and of the initial temperate period, Section 10.3. 

Reporting on very long time periods 
Up to one hundred thousand years
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Reporting should be based on a quantitative risk analysis in accordance with the guidelines to 
Sections 5–7. Supplementary indicators of the repository’s protective capability, such as barrier 
functions, radionuclide fluxes and concentrations in the environment, should be used to strengthen 
the confidence in the calculated risks.

The given period of time of one hundred thousand years is approximate and should be selected in 
such a way that the effect of expected large climate changes, for instance, a glaciation cycle, on the 
protective capability of the repository and consequences to the surroundings can be illustrated. 

Handling in SR-Site: The above approach is used in SR-Site, in particular in the analysis of the first 
glacial cycle after closure, as part of the reference evolution, see Section 10.4. See also the discus-
sion of compliance for this time period in Section 15.3.3.

Beyond one hundred thousand years 
The risk analysis should illustrate the long-term development of the repository’s barrier functions and 
the importance of major external disturbances on the repository such as earthquakes and glaciations. 
Taking into consideration the increasing uncertainties over time, the calculation of doses to people and 
the environment should be made in a simplified way with respect to climate development, biosphere 
conditions and exposure pathways. Climate development can be simplified by being described as a 
repetition of identical glaciation cycles. 

A strict quantitative comparison of calculated risk in relation to the criterion for individual risk in the 
regulations is not meaningful. The assessment of the protective capability of the repository should 
instead be based on reasoning on the calculated risk together with several supplementary indicators 
of the protective capability of the repository such as barrier functions, radionuclide fluxes and 
concentrations in the environment. If the calculated risk exceeds the criterion of the regulations for 
individual risk or if there are other indications of substantial disruptions of the protective capability 
of the repository, the underlying causes of this should be reported on as well as possible measures to 
improve the protective capability of the repository.

Handling in SR-Site: The above approach is used in SR-Site, in particular in the analysis of the 
period after the first glacial cycle up to one million years, as part of the reference evolution, see 
Section 10.5. See also the discussion of compliance for this time period in Section 15.3.3.

Summary of arguments for demonstrating compliance with the requirements of the regulations 
The reporting should include an account of how the principles for optimisation and the best possible 
technique have been applied in the siting and design of the repository and appurtenant system com-
ponents and how quality assurance has been used in the work with the repository and appurtenant 
risk analyses.

Handling in SR-Site: Regarding the account of optimisation and BAT in the safety assessment, see 
above and Section 15.3.5. Quality assurance for the safety assessment is described in Section 2.9.

The arguments for the protective capability of a repository should be evaluated and reported on in 
a systematic way. The reporting should include a logically structured argument for the protective 
capability of the repository with information on calculated risks, uncertainties in the calculations made 
and the credibility of the assumptions made. To provide a good understanding of the results of the risk 
analysis, it should be evident how individual scenarios contribute to the risk from the repository. 

Handling in SR-Site: The arguments for the protective capability of the repository are provided in 
the discussion of compliance in Section 15.3, and in the various parts of the analysis that support the 
conclusions in that section.
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Appendix 1. Guidelines on the averaging of risk between generations
For certain exposure situations an annual risk, calculated as an average of all conceivable outcomes 
of a probabilistic risk assessment, provides an insufficient picture of how risk is allocated between 
future generations. This applies in particular to events which: 

•	 can	be	assessed	as	leading	to	doses	during	a	limited	period	of	time	in	relation	to	the	time	period	
covered by the risk analysis, and

•	 if	they	arise,	can	be	assessed	as	giving	rise	to	a	conditional	individual	risk	exceeding	the	criterion	
in the regulations for individual risk, and 

•	 can	be	assessed	as	having	such	a	high	probability	of	occurring	during	the	time	period	covered	by	
the risk analysis that the product of this probability and the calculated conditional risk is of the 
same order of magnitude as, or larger than, the criterion for individual risk in the regulations.

For exposure situations of this kind, a probabilistic calculation of risk should be supplemented by 
calculating the risk for the individuals who are assumed to live after the event has taken place and 
who are affected by its calculated maximum consequence. The calculation can be made for instance 
by illustrating the importance of an event occurring at different times (T1, T2 …, Tn), taking into 
consideration the probability of the event occurring during the respective time interval (T0 to T1, T0 
to T2,…, T0 to Tn, where T0 corresponds to the time of closure of the repository). The results from 
these, or similar calculations, can in this way be expected to provide an illustration of the effects of 
the spreading of risk between future generations and should, together with other risk calculations, be 
reported on and evaluated in relation to the regulation’s criterion for individual risk. 

Handling in SR-Site: This approach is used in the handling of risk dilution in Section 13.9.4. 

Annex 2. Guidelines on the evaluation of environmental protection
The organisms included in the analysis of the environmental impact should be selected on the basis 
of their importance in the ecosystems, but also according to their protection value according to other 
biological, economic or conservation criteria. Other biological criteria refers, among other things, 
to genetic distinctiveness and isolation (for example, presently known endemic species), economic 
criteria refers to the importance of the organisms for different kinds of obtaining a livelihood (for 
instance, hunting and fishing), and conservation criteria if they are protected by current legislation 
and local regulations. Other aspects, for instance, cultural history, should also be taken into consid-
eration in the identification of such organisms.

The assessment of effects of ionising radiation in selected organisms, deriving from radioactive 
substances from a repository, can be made on the basis of the General Guidance provided in the 
International Committee for Radiation Protection’s (ICRP) Publication 9128. The applicability of the 
knowledge and databases used for the analyses of dispersion and transfer of radioactive substances in 
ecosystems and for analysing the effects of radiation on different organisms should be assessed and 
reported on.

Handling in SR-Site: The approach used in SR-Site is explained in Section 13.2.5.

28 A Framework for Assessing the Impact of Ionising Radiation on Non-human Species, ICRP Publication 91, 
Annals of the ICRP 33:3, 2003
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Appendix B

Glossary of abbreviations and specialised terms used in SR-Site
The glossary is intended to explain all acronyms, SKB-specific terms, and technical terms that occur 
often in this report. It is not intended to contain all technical terms found in the report. Chemical 
formulae and units are usually not included in the glossary. In the glossary, the letters x, found in 
for example KFMxxx, have replaced the numbers/letters in the name of for instance the specific 
deformation zone KFM01D. 

It is noted that some of the explanations differ slightly from the corresponding explanations in other, 
less specialised reports. The more technical explanations given below are appropriate for the context 
of this report.

1-D/1D One-dimensional.

2-D/2D Two-dimensional.

3-D/3D Three-dimensional.

3DEC A discrete element modelling code for analysis of rock and structural support in three dimensions, 
used to simulate the response of fractured rock that is subject to either static or dynamic loading.

ABAQUS Finite element computer code used for the analysis of buffer homogenisation, canister sinking and 
earthquake induced shear loads on the canister-buffer system. 

Albedo The ratio of the intensity of light reflected from Earth  to that of the light it receives from the sun.

AMF Assessment Model Flow chart.

APSE Äspö Pillar Stability Experiment.

Asha An alternative to the reference backfill material also studied by SKB.

Backfill The material used as filling in the deposition tunnels.

BAT Best Available Technique.

BIOCLIM EU research project on modelling sequential biosphere system under climatic change for radio-
active waste disposal.

Biosphere object An area in the landscape that potentially will receive radionuclides released from a future reposi-
tory (instead of Landscape object).

Boundary condition The set of conditions specified for behaviour of the solution to a set of differential equations at the 
boundary of its domain.

BP Before Present.

Buffer One of the barriers in the KBS-3 concept, consisting of bentonite clay that surrounds the canister.

Burnup Energy extracted from fuel due to fission, normally given in MWd/kgU.

BWR Boiling Water Reactor.

CBI Cement och BetongInstitutet (Swedish Cement and Concrete Research Institute).

CCC Critical Coagulation Concentration.

CDF Cumulative Distribution Function.

CEC Cation exchange capacity. A measure of sites available for ion-exchange.

CFT Colloid-facilitated transport.

CHAN3D Computer code for simulation of groundwater flow.

Clab Central interim storage facility for spent nuclear fuel in Oskarshamn.

Climate domain A climatically determined environment with a specific set of characteristic processes of importance 
for repository safety. 

Clink Central interim storage and encapsulation plant. Clab and the encapsulation plant as an integrated 
unit.

CMH Canister Mid-Height.

Code-Bright Computer code for thermal-hydraulic-mechanical calculations.

Colloids Finely divided particles, approximately 10 to 10,000 angstroms in size, dispersed within a 
 continuous medium in a manner that prevents them from being filtered easily or settled rapidly.

COMP23 Near-field model calculating the release rate of radionuclides into the geosphere far field.

ConnectFlow Computer code for simulation of groundwater flow.

Copper ingot A piece of copper cast into a shape suitable for further processing.

CPM Continuous Porous Medium.
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Craton A large portion of a continental plate that has been relatively undisturbed since the Precambrian 
era and includes both shield and platform layers.

CRF Corrosion Release Fraction. The fraction of the radionuclide inventory released by corrosion of 
metal parts in the fuel assemblies. 

Crown space Space under the tunnel ceiling resulting from consolidation of the backfill material.

CRR Corrosion Release Rate.

CRT Canister Retrieval Test. Experiment at Äspö HRL.

CSH Calcium silicate Hydrates.

D2 The repository design and layout assessed in SR-Site.

Darcy flux Specific discharge, or flux[L/T],is the groundwater flow rate [L3/T] per unit area [L2].

DarcyTools Computer code for simulation of groundwater flow.

De Effective diffusion coefficient.

Deformation zone An essentially 2-dimensional structure (a sub planar structure with a small thickness relative to its 
lateral extent) in which deformation (strain) has been concentrated (or, in the case of active faults, 
is being concentrated).

Denudation Surface weathering and erosion.

Deponit CA-N A brand name of a bentonite clay, used as one of the reference materials for the buffer in SR-Can.

Design basis case A calculation case formulated on the basis of a scenario that is shown to be especially important 
from the standpoint of risk. The result of the calculation of a design basis case is used as input to 
the formulation of requirements on barriers.

Design Premises Requirements – usually stated as “specification on what mechanical loads the barriers must 
withstand, restrictions on the composition of barrier materials or acceptance criteria for the various 
underground excavations.”

DFN Discrete Fracture Network.

DLVO Derjaguin and Landau, Verwey and Overbeek. Theory used in modelling of processes in bentonite. 

DOC Dissolved Organic Carbon.

Drawdown Change in groundwater level due to pumping in a well or underground excavation.

DZ Deformation Zone.

EBS Engineered Barrier System.

Ecolego Calculation code for probabilistic radionuclide transport calculations.

ECPM Equivalent Continuous Porous Medium.

EDPM Equivalent Discontinuous Porous Medium.

EDZ Excavation Damaged Zone.

Eemian The penultimate interglacial (Marine Isotope Stage 5e) that preceded the Weichselian glaciation.

EFPC Extended Full Perimeter intersection Criterion.

E-modulus Elastic modulus. The mathematical description of an object or substance’s tendency to be 
deformed elastically (i.e. non-permanently) when a force is applied to it

ERICA tool Computer software used to obtain activity concentrations and radiological effects on different types 
of non-human biota.

Eustatic change Changes in the sea level due to water mass added to or removed from the oceans.

External conditions Conditions occurring exterior to the final repository that are considered in the safety assessment 
and may impact the safety functions of the repository.

F Flow-related transport resistance [T/L], an entity integrated along a flow path, that quantifies the 
flow-related aspects of the possible retention of a solute transported in a fractured medium.

FARF31 Far-field model for calculation of radionuclide transport in geosphere.

FEM Finite Element Method.

Fennoscandian Shield The exposed Precambrian northwest segment of the East European Craton.

FEP Features, Events and Processes.

FFMxx Fracture domain in Forsmark.

FGR Fission Gas Release.

FHA Future Human Actions.

Flow channelling Heterogeneously distributed flow along preferential flow paths within fractures and deformation 
zones.

Forebulge Flexural bulge in front of e.g. an ice-sheet load on the lithosphere.

FPC Full Perimeter intersection Criterion.

FPI Full Perimeter Intersection.
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FSW Friction Stir Welding.

Fuel assembly A group of fuel rods handled as a unit in the reactor.

Fuel rod Zirconium alloy tubes filled with cylindrical fuel pellets.

GIA Glacial Isostatic Adjustment.

Glacial Cold period typically associated with ice sheet growth and decay. An alternative word is glaciation.

Glacial climate domain Regions that are covered by ice sheets.

Glacial cycle A period of c 100,000 years that includes both a glacial (e.g. the Weichselian) and an interglacial 
(e.g. the Holocene).

Glacial domain See Glacial climate domain.

Global warming variant A warm variant of the Main Scenario in which the future climate and hence external conditions are 
assumed to be substantially influenced by human-induced global warming, i.e. a situation with an 
increased greenhouse effect.

GRIP European Greenland Ice Core Project.

HCD Hydraulic Conductor Domain.

HM Heavy Metal (but see also next).

HM Hydro-Mechanical.

Holocene Current interglacial period that began around 11,500 years ago.

HRD Hydraulic Rock Domain.

HSD Hydraulic Soil Domain.

Ibeco RWC Possible material for backfill and pellet fill (called Deponit C-AN I SR-Can).

ICE3G A global ice sheet reconstruction by W.R. Peltier.

ICRP International Commission on Radiological Protection.

IFL Ice Front Location.

Illitization Alteration of smectite (swelling sheet silicate) to illite (non-swelling sheet silicate).

Initial state The state at the beginning of an analysis, e.g. the time of deposition of the canister and buffer and 
backfilling and sealing of deposition tunnels.

Interglacial A warm period between two glacials. In SR-Site an interglacial is defined as the time from when 
the ice sheet retreats from the site (time of deglaciation) to the time for the first occurrence of 
permafrost.

Internal processes Processes occurring within the final repository that are considered in the safety assessment and 
may impact the safety functions of the repository.

Interstadial A warm period during a glacial, sometimes with ice-free conditions.

IPCC Intergovernmental Panel on Climate Change.

IRF Instant Release Fraction. The instantaneously accessible fraction of radionuclides assumed to be 
rapidly dissolved in the water entering a failed canister. 

Isostatic changes Vertical movements of the Earth’s crust due to changes in e.g. ice sheet loading.

ka Kilo-annum or kiloyear, a unit of time.

Kd Partitioning coefficient for sorption [L3/T].

Keff Effective neutron multiplication factor. The design-basis requirement with a view to criticality is that 
keff, including uncertainties, shall be less than 0.95 during handling and disposal of canisters. 

KFMxxx Core drilled borehole in Forsmark.

ky Kilo year, a unit of time.

Landscape 
 development model

A model at landscape level that describes the long-term development of a landscape. The model is 
used to describe time-dependent properties of the biosphere objects that are input parameters to 
the Radionuclide model.

Lasgit Large Scale Gas Injection Test. Experiment at Äspö HRL.

LDF Landscape Dose Conversion Factor. The Landscape Dose conversion Factor (LDF) is a 
radionuclide-specific dose conversion factor, expressed in Sv/y per Bq/y. The LDF relates a unit 
release rate to dose.

LGM Last Glacial Maximum.

Liquefaction A process by which a stiff material (soil) turns into liquid.

Lithosphere The rigid outer layer of the earth, having an average thickness of about 75 km and comprising the 
earth’s crust and the solid part of the mantle above the asthenosphere.

Loss on ignition Measure of amount of volatile substances (mainly water) in a sample.

Low pH materials Cementitious materials that when in contact with water do not elevate the pH of that water to values 
above 11.

Ma Million years, a unit of time.
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MARFA Migration Analysis for Radionuclides in the Far Field. Computer code for calculation of radionuclide 
transport in the far field.

Matlab Numerical computing environment and fourth-generation programming language.

MIKE SHE Computer code for surface hydrogeological modelling.

Milos backfill Bentonite corresponding to reference backfill material.

Montmorillonite Swelling phyllosilicate; key component of bentonite.

MOX fuel Mixed Oxide fuel, blend of plutonium and natural or depleted uranium.

MX-80 A brand name of bentonite clay, used as one of the reference materials for the buffer in SR-Site.

Myr Million years, a unit of time.

Natural analogues A natural system studied in order to investigate processes that have proceeded for a much longer 
time than can normally be followed by experiments in the laboratory or in the field.

NDT Non-Destructive Testing.

NWMO Nuclear Waste Management Organization, Canada.

Observational Method A risk-based approach to underground design and construction that employs adaptive  management, 
including advanced monitoring and measurement techniques.

Pandora SKB’s and Posiva’s modelling tool for dose calculations in the biosphere.

Peneplain A low-relief bedrock plain representing the final stage of surface denudation during times of 
extended tectonic stability.

Periglacial climate 
domain

Regions with permafrost.

PhreeqC Computer code for chemical speciation, batch-reaction, one-dimensional transport, and inverse 
geochemical calculations.

Piping Formation of hydraulically conductive channels in the buffer clay by erosion.

Pleistocene The penultimate geological epoch. The Pleistocene and ongoing Holocene epochs together 
constitute the Quaternary period.

Posiva Short for Posiva Oy, the organisation responsible for the final disposal of spent nuclear fuel in 
Finland.

Precambrian The span of time before the beginning of the Cambrian Period.

PWR Pressurized Water Reactor.

Q1 path Release path from the near-field radionuclide transport model. The Q1 path represents transport 
into a fracture intersecting the deposition hole. The Q2 path represents transport into the excava-
tion damaged zone (EDZ) located below the floor of the deposition tunnel. The Q3 path represents  
transport in the backfilled tunnel and into a fracture intersecting the deposition tunnel.

Q2 path See Q1 path.

Q3 path See Q1 path.

QA Quality Assurance.

Qeq Equivalent flow rate used in e.g. COMP23.

Quaternary The Quaternary Period (between 1.6 Ma and the present) is the most recent period of the Ceno-
zoic Era in the geologic time scale. The Quaternary includes two geologic epochs: the Pleistocene 
and the Holocene.

R&D Research and Development

Radionuclide model Model used to calculate radionuclide inventories in different compartments of the biosphere, 
radionuclide fluxes between the compartments and radionuclide concentrations in environmental 
media (soil, water, air and biota). Exposure calculations for humans to estimate LDF’s is included 
in the radionuclide model, whereas exposure of non-human biota is calculated separately.

RD&D Research, Development and Demonstration.

Rebound Uplift of the continental crust as a response to deglaciation.

Regolith In this report the term is used to designate all deposits on bedrock, including Quaternary deposits, 
soils, sediments, peat, organic debris, surface of rock outcrops and man-made structures.

Repository layout The layout in space of the repository components such as deposition tunnels, central area and 
access.

Respect distance The perpendicular distance from a deformation zone that defines the volume within which deposi-
tion of canisters is prohibited, due to anticipated, future seismic effects on canister integrity.

RFMxxx Rock domain in Forsmark.

RH Relative Humidity.

Ridge push Tectonic horizontal compression of continental plates due to seafloor spreading.

Risk criterion A regulatory criterion to which a calculated risk is compared.

Risk dilution The seemingly paradoxical situation where less knowledge about e.g. a detrimental phenomenon 
leads to lower calculated individual risks.
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RN Radionuclide.

Saalian The penultimate glacial, preceding the Eemian interglacial.

SAFE The renewed safety assessment of the low level waste repository (SFR) at Forsmark.

Safety function A role through which a repository component contributes to safety.

Safety function 
 indicator

A measurable or calculable property of a repository component that indicates the extent to which 
a safety function is fulfilled.

Safety function 
 indicator criteria

A quantitative limit such that if the safety function indicator to which it relates fulfils the criterion, 
the corresponding safety function is achieved.

SCC Stress Corrosion Cracking.

SDM Site Descriptive Model. A synthesis of geology, rock mechanics, thermal properties, hydrogeology, 
hydrogeochemistry, bedrock transport properties and surface system properties of the site for the 
planned spent nuclear fuel repository.

SDM-Site Short name for the Site Descriptive Model resulting from the completed surface based investigations.

SFR Repository in Forsmark for low-and intermediate-level radioactive waste.

Sheet joints Fractures that are oriented sub-parallel to the topographic surface at the time of unloading and 
lack alteration associated with hydrothermal alteration, i.e. sheet joints.

Silica sol A suspension of nano-sized silica particles that may be converted into a gel by adding a concentrated 
salt solution. Silica sol may be used as an injection grout that has near-neutral pH.

Site description A model of the site providing descriptions of the present geosphere and biosphere conditions. It is 
the same as site descriptive model (SDM).

SKI Swedish Nuclear Power Inspectorate. SKI and SSI were merged into the Swedish Radiation Safety 
Authority (SSM) 1 July 2008.

Skin effect Disturbance of the flow conditions of the interface between the formation (fractured rock) and the 
tunnel. It is described by the skin factor, which may be positive or negative depending on whether 
the permeability of the interface is reduced (positive skin factor) or increased (negative skin factor) 
in relation to the initial permeability of the formation.

SMOW Standard Mean Ocean Water, a water standard defining the isotopic composition of water.

Sorption In this report the term is used to designate all processes by which a dissolved species is retained 
at a solid surface. 

Spalling Rock surface failure in which rock chips are shed from the rock wall.

SR 97 Safety Report 97. The previous safety assessment to SR-Can.

SRB Sulphate-reducing bacteria.

SR-Can The preliminary safety assessment for the planned spent nuclear fuel repository, published in 2006.

SSM Swedish Radiation Safety Authority. SSI and SKI were merged into the Swedish Radiation Safety 
Authority 1 July 2008.

SSMFS Regulations of the Swedish Radiation Safety Authority.

STUK Finnish Radiation and Nuclear Safety Authority.

Sub-catchment The drainage area of a biosphere object minus the drainage area of the inlet(-s) to the object.

Talik A layer or body of unfrozen ground occurring in a permafrost area due to a local anomaly in 
thermal, hydrological, hydrogeological, or hydrochemical conditions.

TASQ-tunnel Tunnel at the Äspö Hard Rock Laboratory.

TASS-tunnel Tunnel at the Äspö Hard Rock Laboratory.

TDS Total Dissolved Solids.

Tectonic lens A lenticular rigid body of rock that is surrounded by deformation zones.

Temperate domain Regions without permafrost or ice sheet conditions. It is dominated by a temperate climate in a 
broad sense. Within the temperate domain, a site may also at times be submerged by the sea or 
by an ice dammed lake.

Tertiary Geologic period 65 million to 2.6 million years ago.

Thermally induced 
spalling

Spalling induced by the stresses resulting from the added thermal load from the canister heat.

THM Thermo-Hydro-Mechanical.

Till Dominantly unsorted and unstratified material, generally unconsolidated, deposited directly by a 
glacier or an ice sheet.

tw Advective travel time.

UCS Uniaxial Compressive Strength.

Upconing Raising of the interface between fresh water and saline water due to a drawdown of the ground-
water level, e.g. due to pumping in a well or in and underground excavation. In SR-Site, upconing 
is also used to describe the significant changes in the position of this interface associated with the 
advance/retreat of an ice sheet margin.
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Weichselian Name of the last glacial in north-eastern Europe.

Weichselian glacial 
cycle

The last glacial cycle, defined as comprising the Weichselian glacial and the Holocene interglacial 
periods.

XRD X-ray diffraction.

ZFMxx Gently dipping zone in Forsmark.

ZFMXXXxxxxx Steeply dipping zone in Forsmark (XXX replaces letters for geographical direction, i.e. ENE).

Zircaloy Name for a group of high-zirconium alloys commonly used as cladding for nuclear fuel rods.

Äspö HRL Äspö Hard Rock Laboratory.

δ18O Notation used for reporting oxygen isotope ratios, often used as a proxy for temperature in 
atmosphere or ocean. 
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