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Preface

SKB has performed comprehensive investigations of two candidate sites for a final repository; in 
Forsmark (municipality of Östhammar) and in Laxemar (municipality of Oskarshamn). In June 
2009 SKB decided to submit licence applications according to the Act on Nuclear Activities and the 
Environmental Code for a final repository at Forsmark. The license applications include comprehen-
sive documentation to support that a KBS-3 repository at Forsmark will meet requirements in laws 
and regulations, including a full evaluation of long term safety. 

In addition the licence applications contain documentation to motivate the selection of site for the 
final repository considering a wide range of siting factors. This document presents a comparative 
analysis of site characteristics related to long-term safety for the two candidate sites in Forsmark and 
in Laxemar. It supports the site selection presented and justified in the license applications for a final 
repository in Sweden.

This report has been edited by Johan Andersson. Several persons, within the SKB’s team developing 
the long term safety assessment SR-Site have contributed to this report. In particular Jens-Ove Näslund 
(climate), Raymond Munier (earthquakes), Jan-Olof Selroos (hydrogeology), Sven Follin (hydro
geology), Ignasi Puigdomènech (chemistry), Tobias Lindborg with coworkers (surface environment) 
and Allan Hedin (risk assessment) have managed the supporting assessments and have provided the 
written input in their fields of expertise. A special thanks goes to Martin Löfgren, Niressa AB, who 
has edited Appendix A assessing the quality of the data used for this comparative assessment.

Stockholm, December 2010

Olle Olsson
Director of the Spent Fuel Project
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Summary

This document presents a comparative analysis of site characteristics related to long-term safety for the 
two candidate sites for a final repository for spent nuclear fuel in Forsmark (municipality of Östhammar) 
and in Laxemar (municipality of Oskarshamn). The analyses performed have provided input to the site 
selection, from the perspective of long-term safety, and the present document constitutes the reporting of 
results and conclusions. Thus, the objective with this report is to:

•	 Present a set of analyses of factors of primary importance for assessment of site suitability with 
respect to long-term safety.

•	 Present conclusions on differences in suitability between the sites, or alternatively, state that such 
conclusions cannot be drawn based on this set of analyses.

A full evaluation of safety is made for a repository at the selected site in the safety assessment SR-Site 
/SKB 2011/, referred to as SR-Site main report. However, the analyses in SKB’s previous safety assess-
ment SR-Can shown to be important for long-term safety and with impacts potentially different depend-
ing on site properties are selected for re-assessment in this report, based on the updated site descriptions of 
Forsmark and Laxemar, together with associated updated repository layouts and designs. The basis for the 
comparison is thus the two equally and thoroughly assessed sites. Furthermore, the re-assessments take 
into account the assessment methodology evolution since SR-Can, and most of the supporting analyses 
for SR-Site, directly involving site specific data, are made for both sites, with the same approach and 
reported in joint supporting documents.

Based on experiences from SR-Can, a number of issues related to long-term safety need to be considered 
in the context of site comparison. Each of these factors is discussed in a dedicated chapter and overall 
conclusions are finally presented.

Regarding the initial state, the underground openings construction report /SKB 2010b/ shows that the 
proposed design, excavation and control procedures, will ensure that deposition tunnels and deposition 
holes accepted for disposal will meet the Design Premises as set out in /SKB 2009c/. However, based on 
the technical risk assessments presented in the Layout D2 reports it is expected that this would imply a 
substantially greater loss of potential deposition positions at Laxemar than at Forsmark, due to ahigher 
frequency of water conducting fractures at Laxemar. Furthermore, at Laxemar most deposition holes will 
be connected to a flowing fracture and it is expected that a large portion of the deposition tunnels would 
need to be grouted. At Forsmark, only few deposition holes will be connected to a flowing fracture and 
grouting is only expected to be needed at a few locations. Furthermore, compared to Forsmark, there 
would be many more accepted deposition positions that would have inflows close to the acceptability 
criterion and this has safety consequences.

Changing climate conditions may result in several phenomena that impact the Forsmark and Laxemar 
sites, including the formation of ice sheets and permafrost, changes in shore line displacement, surface 
weathering and erosion. However, the differences between the sites are not large enough to be of 
importance for the site selection, even if the process as such is important for the safety assessment. 
During cold periods without ice sheets at the sites, permafrost and freezing of ground water reach 
greater depths at Forsmark than at Laxemar. This is mainly due to differences in climate and in bedrock 
thermal properties. A larger vertical portion of the rock above the repository is subject to repeated 
freezing/thawing cycles at Forsmark compared to Laxemar. However, even for the most pessimistic 
case of, unrealistically combining all uncertainties as to favour permafrost development, freezing of 
free water at repository depth cannot take place at either of the sites. Furthermore, since the buffer clay 
would only freeze at temperatures below the freezing point of free water, buffer and backfill freezing 
can also be excluded at both Forsmark and Laxemar. Possible differences in potential for freezing 
between Laxemar and Forsmark have little significance for the potential of constructing a safe reposi-
tory at any of the sites. 
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Rock mechanics conditions, including the potential for thermally induced spalling differ between the 
repository layouts adapted to the two sites. If rock stresses are high, an excavated rock surface may 
crack and form rock flakes in a phenomenon called spalling. Even if the initial rock stresses are not 
sufficient to produce spalling following excavation, there is still the possibility that spalling may 
occur later due to the additional thermal load. The potential occurrence of spalling is site and reposi-
tory design specific, as it depends on the in situ stresses, the intact rock strength and the repository 
layout. The assessment of spalling potential shows that there is potential for thermally induced 
spalling at both sites, but the likelihood and extent of the spalling is much less at Laxemar. Spalling 
around deposition holes may have a considerable impact on mass exchange between flowing 
groundwater and the buffer as long as diffusion is the dominant transport mechanism in the buffer. 
However, significant releases of radionuclides from the repository only occur if advective conditions 
prevail in the buffer or if the canister is sheared due to earthquakes. For these conditions, the effects 
of spalling are insignificant. This implies that the occurrence of spalling would only affect risk to a 
very minor extent.

The input to the site selection process from the hydrogeology discipline includes relevant informa-
tion extracted from the site descriptive models for Forsmark and Laxemar, respectively, and from 
subsequent consequence analyses. The flow-related transport performance measures may, for certain 
groundwater compositions affect the stability of the buffer and the canister, and are direct input for 
radionuclide transport calculations, and hence affect radionuclide discharge from near field and 
far field, as well as associated dose in biosphere and resulting risk. When the average conductive 
fracture frequency of the rock mass volumes between the deterministically modelled deformation 
zones is considered, it is observed that at Forsmark a clear distinction can be made between the 
rock above and below 400 m elevation, such that the rock above is significantly more fractured than 
below. At Laxemar, the average conductive fracture frequency at potential repository depth is much 
greater than at Forsmark and there is also a considerable spatial variability between different parts 
of considered rock mass volumes. When hydraulic characteristics at repository depth are compared 
in detail, it is found that Forsmark has a much lower average conductive fracture frequency (less 
than 0.01 m–1 compared to 0.06 m–1 to 0.23 m–1 at Laxemar). For the construction and operation 
phases, the calculated inflow at Laxemar is more than ten times larger than at Forsmark assuming 
a realistic grouting efficiency. The number of deposition holes with an inflow larger than 0.1 L/min 
during the excavation and operation phases, assuming a realistic grouting efficiency, is more than 
30 times larger at Laxemar than at Forsmark. In the temperate period simulations, the Darcy flux 
at the deposition hole locations (for fractures intersecting deposition holes) is approximately two 
orders of magnitude larger at Laxemar than at Forsmark. When the flow-related transport resistance 
is considered, the values are higher at Forsmark than at Laxemar by approximately a factor of 30. 
Thus, both performance measures are more favourable at Forsmark than at Laxemar. In the glacial 
period simulations of an ice sheet in close proximity to the repository, the relative difference in 
Darcy flux at the deposition hole positions is approximately two orders of magnitude, with higher 
fluxes for Laxemar. In the glacial period simulations, the disturbance to the salinity field is more 
pronounced at Laxemar than at Forsmark. In conclusion, all hydrogeological measures and entities 
considered are in favour of Forsmark. However, it is noted that Laxemar exhibits slightly more 
favourable conditions than Forsmark concerning rock matrix characteristics (i.e. non-flow related 
migration parameters). The favourable properties for Laxemar in this respect are incorporated in the 
analysis of radionuclide transport and risk.

Chemical conditions affect the performance of a repository in a number of ways. Data on ground-
water chemical compositions are needed to calculate the chemical evolution and physical stability of 
bentonite, the corrosion of canisters and the transport of radionuclides. In addition, the geochemical 
and mineralogical properties of the rocks and fracture-filling minerals will affect the transport 
of radionuclides and the penetration depth of dissolved oxygen in glacial meltwaters. At present, 
groundwater samples show lower salinity at Laxemar, when comparing the candidate repository 
depths of the two sites. Most future climatic changes will induce groundwater dilutions. During the 
next million years or so, a sea water body, similar to the Littorina or Baltic Seas is expected to cover 
the Forsmark site longer than the Laxemar site, due to differences in ice thickness and location of 
the repository sites. Furthermore, due to the low hydraulic conductivity of the repository volume at 
Forsmark, it is possible that the groundwater salinity at the target repository volume in Forsmark 
would remain at the present levels over the whole glacial cycle. In contrast, there will be a larger 
impact of the dilution processes resulting in lower salinities at Laxemar as a whole, and in the frac-
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ture zones at Forsmark. At present the sulphide levels at Laxemar and Forsmark are not significantly 
different. The future evolution of sulphide concentrations is expected to be similar at both sites. The 
fracture filling mineral at both sites, mainly calcite, indicate a good pH buffering capacity in the 
fractures of both sites. The content of Fe(II) in the rock types at Laxemar is about twice as high as 
that at Forsmark. This can be an advantage for Laxemar with respect to the possibility of intrusion of 
oxygenated glacial meltwaters. However, the conceptual models of O2 consumption by Fe(II) in the 
rock matrix show that the larger reducing capacity is more than compensated by lower transmissivity 
of the fractures at Forsmark.

Earthquake-triggered, fast shear movements along fractures intersecting a canister can affect the 
containment of the canister if the shear load exceeds the stated design premise regarding the canister 
ability to withstand shear movement, i.e. for slip exceeding 5 cm at a rate of 1 m/s or more. Glacially 
induced faulting occurs in glaciated regions in response to changes in the glacial load: either as a 
result of glacial advance (crustal loading) or deglaciation (crustal unloading). With few exceptions, 
glacially induced faults are unique in that they occur in regions where there is no evidence of surface 
rupture during historical time. In addition, these regions have no historical record of seismicity 
that approaches the magnitude thresholds for generating surface faulting. The potential for fault 
weakening and/or reactivation at the sites, as a response to future glaciations as well as the effect on 
a repository, should a large earthquake occur in the vicinity, has been assessed. Furthermore, the det-
rimental effects of a large earthquake near the repository can be avoided or considerably lessened by 
adaptive design involving the use of respect distance and deposition hole rejection criteria. Despite 
the lack of evidence for large earthquakes near the sites, such large earthquakes cannot be entirely 
disregarded as a risk factor. Computed stability margins of deformation zone models used to identify 
the zones most likely to reactivate during various periods of the glacier evolution combined with 
deposition hole rejection criteria, were used to assess the number of critical canister positions and 
thereby the contribution to radiation risk at each site. This analysis shows that despite differences in 
deformation zone and fracture geometries and frequencies, the difference between the sites is of the 
same order of magnitude as the difference due to the uncertainty in the fracture description for each 
site. Even though Laxemar has a lower number of critical positions compared with Forsmark, despite 
a generally higher fracture intensity, the difference is not sufficiently clear, given the uncertainties, to 
suggest that the risk of seismic impacts would be significantly less at Laxemar. The risk contribution 
from earthquakes is judged similar for both sites.

In order to mitigate the risk of future human intrusion, the rock suitability criteria, as set out by SKB 
in /Andersson et al. 2000/, requiring that the rock types in the deposition area do not have ore poten‑
tial and do not contain such valuable minerals as to justify mining at a depth of hundreds of metres, 
has been considered. Neither of the sites has potential for ore, industrial minerals or commercial 
stones. It is noted that at Forsmark there are areas that bear this potential to the south-west of the can-
didate area, predominantly in the felsic to intermediate metavolcanic rocks. However, it is emphasised 
that the small iron mineralisations in this area are far away from the repository and have no current 
economic value. This latter judgement is also deemed to be valid in a long-term perspective.

The dose to humans and other biota is a key delivery in the safety assessment to prove that the per-
formance fulfils the regulations. There are several site specific biosphere aspects that are important 
for the dose. The most important are the location of the discharge and the receiving ecosystem, 
which describes the food-chain, the land use and amounts of food and water produced and water-
turnover rate. The ecosystem also affects the human utilisation and occupancy in the area where 
radionuclides can be released, which are important parameters in the dose assessment. The dose 
resulting from a unit release of a radionuclide, the landscape dose conversion factors (LDF) values, 
for Forsmark are very similar to calculated indicatory LDF values for Laxemar. The difference in 
total risk between the sites will depend on differences in radionuclide releases. However, there are 
some differences between the sites that can be of relevance for their comparison. The assessment 
indicates that the Forsmark site will be submerged under the sea or covered by ice for longer periods 
than Laxemar, most likely giving considerable lower doses for long time periods. Moreover, the 
potential for future agriculture in areas potentially affected by released radionuclides seems reduced 
for Forsmark.
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Estimation of risk is the main output of the safety assessment. The analysis is divided into two parts: 
analysis of containment potential and analysis of retardation potential. The analysis shows that 
the safety functions for the buffer and the canister are breached for many more deposition holes at 
Laxemar than at Forsmark. At Forsmark only a small number of depositions holes will lose buffer 
material due to dilute groundwater such that advective conditions are reached. After one million 
years, 23 deposition holes reach advective conditions and for the initial temperate period few if any 
deposition holes will reach advective conditions. This yields a mean number of failed canisters of 
0.087 at one million years assuming that the sulphide distribution is randomly combined with the 
flow rates for all the deposition holes. At Laxemar, nearly all deposition holes connected to a water 
conductive fracture (about 3,600 if applying the Extended Full Perimeter Criterion, EFPC, and about 
4,200 if not applying EFPC) reach advective conditions in one million years, and about half of these 
holes reach these conditions within 100,000 years. This yields a mean number of failed canisters of 
146 at one million years when the sulphide distribution is randomly combined with the flow rates for 
all the deposition holes.

The risk assessments thus imply that the calculated risk for Forsmark will be considerably lower than 
for Laxemar. This is a key result from the point of view of long-term safety, since the calculated risk is 
the primary acceptance measure according to Swedish regulations. Furthermore, the risk assessment 
for Laxemar suggests that for a repository at Laxemar, constructed according to the current reference 
design, the doses will exceed the regulatory limit some time after 100,000 years and eventually grow 
to a level comparable to that due to the background radiation. However, this does not necessarily 
mean that a safe repository could not be constructed at Laxemar, but then design modifications would 
be needed. To illustrate this option, hypothetical cases assuming that deposition holes with high 
Darcy fluxes could be completely avoided have also been analysed. This could in theory reduce dose, 
potentially enough to meet the regulatory limit. Another theoretical possibility would be to locate the 
repository at a depth, exceeding 700 m, where the frequency of water conducting fractures possibly 
is much lower than at higher elevation. However, in practice the cost in terms of losses of potential 
deposition holes and methodology to be developed and verified is potentially quite high.

The site descriptive models developed have good confidence for both sites. However, it must also be 
noted that the potential repository volume at Forsmark is more homogeneous, both in rock type dis-
tribution and in the occurrence of water conductive fractures, than the Laxemar site. This is judged 
to facilitate the acquirement of detailed information and development of understanding required to 
adopt the repository to local conditions during construction. 

In summary, there are a number of safety related site characteristics for which the analyses do not 
show any decisive differences in terms of implications on safety, between the sites Forsmark and 
Laxemar. However, the frequency of water conducting fractures at repository depth is much larger at 
Laxemar than at Forsmark. This difference, in turn, affects the future stability of the current favour-
able groundwater composition, which combined with the much higher flows at Laxemar would, for 
the current repository design, lead to a breach in the safety functions for the buffer and the canister 
for many more deposition positions at Laxemar than at Forsmark. Thereby the calculated risk for 
Forsmark will be considerably lower than that for Laxemar. From the safety perspective, therefore, 
Forsmark is clearly the preferable option.
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1	 Introduction

This document presents a comparative analysis of site characteristics related to long-term safety for the 
two candidate sites for a final repository for spent nuclear fuel in Forsmark (municipality of Östhammar) 
and in Laxemar (municipality of Oskarshamn) from the point of view of site selection. The analyses are 
based on the updated site descriptions of Forsmark /SKB 2008a/ and Laxemar /SKB 2009a/, together 
with associated updated repository layouts and designs /SKB 2008b and SKB 2009b/. The basis for the 
comparison is thus two equally and thoroughly assessed sites. However, the analyses presented here are 
focussed on differences between the sites rather than evaluating them in absolute terms. The document 
serves as a basis for the site selection, from the perspective of long-term safety, in SKB’s application 
for a final repository. A full evaluation of safety is made for a repository at the selected site in the safety 
assessment SR-Site /SKB 2011/, referred to as SR-Site main report in the following.

1.1	 Objectives and scope
The objective with this report is to:
•	 Present a set of analyses of primary importance for assessment of site suitability with respect to 

long term safety.
•	 Present conclusions on differences in suitability between the sites, or alternatively, state that such 

conclusions cannot be drawn based on this set of analyses.

1.2	 Identification of issues of primary importance for site 
suitability with respect to long-term safety

The criteria for judging the safety of the repository, are defined in regulations issued by the Swedish 
Radiation Safety Authority (SSM). The regulations are based on various pertinent components 
of framework legislation, the most important being the Nuclear Activities Act and the Radiation 
Protection Act. Guidance on radiation protection matters is provided by a number of international 
bodies, and national legislation is often, as in the case of Sweden, influenced by international recom-
mendations. The following specific regulations are of special interest in this context:
•	 Protection of human health shall be demonstrated by compliance with a risk criterion that states 

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 risk” /SSMFS 2008:37, 5 §/.

•	 Safety after the closure of a repository shall be maintained through a system of passive barriers 
/SSMFS 2008:21, 2 §/.

•	 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 /SSMFS 2008:21, 3§/.

Compliance to the regulations can strictly only be demonstrated by a safety assessment, as is done 
in SR-Site main report. However, experiences from the previous safety assessment SR-Can /SKB 
2006a/, suggest that only a subset of all analyses included in a safety assessment really concern 
differences in site conditions. These mainly concern conditions for the initial state, the geosphere 
evolution as assessed in Chapter 9 of /SKB 2006a/ and retention in the far-field. 

The analyses shown in SR-Can to be important for long-term safety and with impacts potentially 
different depending on site properties are selected for re-assessment in this report. The basis for this 
re-assessment are the updated site descriptions of Forsmark /SKB 2008a/ and Laxemar /SKB 2009a/, 
together with associated updated repository layouts and designs /SKB 2008b and SKB 2009b/. The 
basis for the comparison is thus two equally and thoroughly assessed sites. Furthermore, most of the 
supporting analyses for SR-Site directly involving site specific data from Forsmark, were also made 
for Laxemar and with the same approach. The evolution of the assessment methodology that has 
occurred since SR-Can is also taken into account. 
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1.2.1	 Safety functions
SR-Can /SKB 2006a/ introduced the concept of safety functions. The safety functions and their 
indicators and criteria are used to structure and differentiate the evaluation of safety when the long-
term evolution of the repository is evaluated. They also play a key role in the selection and analyses 
of scenarios. This concept has been further developed in SR-Site and some of the safety functions 
and the safety function indicators have evolved based on new knowledge gained. Following the 
definitions stated in the SR-Site main report, Chapter 8:

•	 A safety function is defined qualitatively as a role through which a repository component contributes 
to safety.

•	 A safety function indicator is a measurable or calculable quantity through which a safety function 
can be quantitatively evaluated.

•	 In order to determine whether a safety function is maintained or not, safety function indicator 
criteria are defined against which the safety function indicators can be evaluated over the time 
period covered by the safety assessment.

For more elaboration on these concepts, see SR-Site main report Chapter 8. 

Since the SR-Site safety functions are a good basis for assessing the performance of the different 
repository subsystems, and thus also for site comparison, they are repeated here, such that easy 
reference to these safety functions can be made in this report. Two groups of safety functions are 
derived, safety functions with respect to containment and safety functions with respect to retardation, 
although most of the safety functions are relevant in both contexts. The safety function, and associ-
ated indicators and criteria for containment are summarised in Figure 1‑1. The safety functions, and 
associated indicators and criteria for retardation are summarised in Figure 1‑2. 

1.2.2	 Geosphere analyses of importance for the construction and 
operational stage

Rock mechanics
The SR-Can main report (Section 9.2.2) assessed the following mechanical processes related to the 
excavation and the open phase:

•	 Development of an Excavation Damaged Zone (EDZ) and other impacts on rock permeability 
(safety function R2ab).

•	 Spalling, (safety function R2b and also safety functions of the buffer that either directly or 
indirectly depend on buffer density).

•	 Reactivation of fractures (safety function R3b).

•	 Induced seismicity (safety function R3b).

Of these issues, SR-Can /SKB 2006a, Chapter 9/ showed that only the EDZ and spalling are potentially 
important for long-term safety. The impacts are essentially handled by adapting the repository design 
and layout to account for this, but some site specific differences on how this affects the initial state 
remains. This issue is thus potentially important for the initial state and are thus addressed in Chapter 2.

Hydraulic impacts
Repository excavation and operation imply a major impact on groundwater flow, since the excavated 
tunnels will be at atmospheric pressure resulting in inflow of water. The inflow will result in a redirec-
tion of flow and in changes of the groundwater flow pattern, potentially resulting in draw-down of the 
water table, infiltration of near-surface waters into the deeper parts of the bedrock, and in upconing of 
saline water from depth. The actual impacts primarily depend on the permeability distribution of the 
rock, the repository layout and on how tight the underground openings would be. The latter partly, in 
turn depends on the grouting efficiency. /SKB 2006a, Section 9.2.3/ assessed the effects of an open 
repository on site hydrogeological and hydrogeochemical conditions, i.e. safety functions R1 and R2.

The hydraulic impacts are primarily important for the environmental impact, whereas the long-term 
safety implications are limited, or at least not site specific.
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Buffer

Buff1. Limit advective transport
a) Hydraulic conductivity < 10−12m/s
b) Swelling pressure > 1 MPa

Buff2. Reduce microbial activity
Density; high

Buff3. Damp rock shear
Density < 2,050 kg/m3

Buff5. Prevent canister sinking
Swelling pressure > 0.2 MPa

Buff6. Limit pressure on canister and rock
a) Swelling pressure < 15 MPa
b) Temperature > −4°C

Buff4. Resist transformation
Temperature < 100 °C

Geosphere

R1. Provide chemically favourable conditions

R3. Provide mechanically stable conditions
a) GW pressure; limited
b) Shear movements at deposition holes < 0.05 m
c) Shear velocity at deposition holes < 1m /s           

R2. Provide favourable hydrologic and transport
conditions

R4. Provide favourable thermal conditions
a) Temperature > −4°C (avoid buffer freezing)
b) Temperature > 0°C (validity of can shear analysis) 

Canister

Can2. Withstand isostatic load
Load < 45 MPa

Can3. Withstand shear load Can1. Provide corrosion barrier
Copper thickness > 0

Safety functions related to containment

Deposition tunnel backfill

BF1. Counteract buffer expansion
Density; high

a) Reducing conditions; Eh limited
b) Salinity; TDS limited
c) Ionic strength; Σq[Mq+] > 4 mM charge equiv.
d) Concentrations of HS−,H2, CH4 organic C, 
     K+ and Fe; limited
e) pH; pH < 11
f) Avoid chloride corrosion; pH > 4 or [Cl−] < 2M

a) Transport resistancein fractures, F; high
b) Equivalent flow rate in buffer/rock interface, Qeq; low

Figure 1‑1. Safety functions (bold), safety function indicators and safety function indicator criteria related to 
containment. Where quantitative criteria cannot be given, terms like “high”, “low” and “limited” are used to 
indicate favourable values of the safety function indicators. The colour coding shows how the functions contrib‑
ute to the canister safety functions Can1 (red), Can2 (green) and Can3 (blue). (From SR-Site main report.)
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Piping/erosion of buffer and backfill
SR-Can /SKB 2006a, Section 9.2.4/ also addressed piping and associated erosion effects in the 
buffer and backfill. Water inflow into the deposition holes and tunnels will take place mainly through 
fractures and will contribute to the wetting of the buffer and the backfill. If the inflow is localized to 
fractures that carry more water than the swelling bentonite can adsorb, there will be a water pressure 
in the fracture acting on the buffer. Since the swelling bentonite is initially a gel, with increasing 
density over time as water goes deeper into the bentonite, the gel may be too soft to stop the water 
inflow. The result may be piping in the bentonite, formation of a channel and a continuing water 
flow and erosion of soft bentonite gel. There will be a competition between the swelling rate of the 
bentonite and the flow through, and erosion rate of, the buffer.

The impacts of piping and erosion are essentially mitigated by different design measures, but site 
specific differences may remain. This is addressed in Chapter 2. 

Buffer

Buff1. Limit advective transport*
a) Hydraulic conductivity < 10−12m/s
b) Swelling pressure > 1 MPa

Buff5. Prevent canister sinking*
Swelling pressure > 0.2 MPa

Buff8. Sorb radionuclides
Kd; high

Buff4. Resist transformation*
Temperature < 100°C

Deposition tunnel backfill

BF2. Limit advective transport
a) Hydraulic conductivity < 10−10m/s
b) Swelling pressure > 0.1 MPa
c) Temperature > −2°C

Geosphere

R1. Provide chemically favourable conditions
a) Reducing conditions*; Eh limited
b) Salinity*; TDS limited
c) Ionic strength*; Σq[M+] > 4mM charge equiv.
d) Concentrations*of K+and Fe; limited
e) pH*; pH < 11

R2. Provide favourable hydrologic and transport 
conditions

a) Transport resistancein fractures, F;high
b) Equivalent flow rate in buffer/rock interface, Qeq; low*
c) Kd, De; high
d) Colloid concentration; low

Canister

Can5. Avoid fuel criticality
a) Favourable geometry
b) Favourable material composition

Fuel – matrix and structural parts

F1. Contain radionuclides
a) Fuel matrix conversion rate; low
b) Metal corrosion rate; low

F3. Avoid criticality
Reactivity; keff < 0.95

BF3. Sorb radionuclides
Kd; high

Can4. Provide transport resistance
a) tDelay; large
b) tExpansion; large

Safety functions related to retardation

Buff7. Filter colloids
Density > 1,650 kg/m3 Buff9. Allow gas passage

Swelling pressure; low

F2. Precipitation
Elemental solubilities; low 

Figure 1‑2. Safety functions (bold), safety function indicators and safety function indicator criteria related 
to retardation. Where quantitative criteria cannot be given, terms like “high”, “low” and “limited” are 
used to indicate favourable values of the safety function indicators. Safety functions marked with an 
asterisk (*) apply also to containment, see Figure 1‑1. (From SR-Site main report.)
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Chemical evolution in and around the repository
The changed hydraulic conditions, during the excavation and relatively long operational period, may 
alter the groundwater composition around the repository as assessed in /SKB 2006a, Section 9.2.5/. 
Some of these changes will be induced by the presence of the repository, but also shore-level 
displacements and climatic variations may cause more limited alterations. As a consequence, the 
salinity in some parts of the repository may decrease due to an increased infiltration of diluted waters 
of meteoric origin, whereas in other regions the corresponding up-coning might instead induce an 
increase in salinity. This involves the safety function indicators R1b and R1c.

The groundwater composition and its evolution during the operational phase may be different between the 
sites and these matters are discussed in Chapter 6 of this report. There are also other chemical effects, like 
impact of grouting, stray materials and the presence of oxygen assessed in /SKB 2006a, Section 9.2.5/. 
These impacts are not judged to be clearly different between the sites.

1.2.3	 The initial period of temperate climate after closure
Thermal
The thermal evolution assessed in /SKB 2006a, Section 9.3.4/ concerned the thermal criterion on the 
buffer peak temperature, safety function indicator Buff4, that requires that this temperature does not 
exceed 100°C, chosen pessimistically in order to avoid, with a margin of safety, mineral transforma-
tions of the buffer.

The fulfilment of this requirement is ensured already by the repository design and layout /SKB 2009d, 
b/, where thermal calculations are done to determine the minimum allowed distance between deposition 
holes. Consequently, there is no reason to include this assessment in the current report. However, it can 
be noted that the generally lower thermal conductivity of the Laxemar site compared with Forsmark 
necessitates a larger distance between deposition holes, and thus a larger repository footprint. 

Rock mechanics
SR-Can /SKB 2006a, Section 9.3.5/ assessed the following mechanical processes related to the initial 
temperate period after repository closure:

•	 Reactivation of fractures in the near field due to thermal load that could affect the mechanical stabil-
ity (safety function R3b) and the fracture transmissivity in the near-field rock (safety function R2b).

•	 Reactivation of fractures in the far-field that could affect fracture transmissivity (safety function 
R2ab).

•	 Reactivation due to increased ridge push1 that could affect the mechanical stability of the deposition 
holes (safety function R3b).

•	 Fracturing of the rock due to the thermal load that could affect the deposition hole geometry 
(safety function Buff1) and migration between buffer and rock (related to safety function R2b).

•	 Potential for creep deformation that could affect deposition hole geometry (related to safety 
function Buff1). Here the term creep is used also for cases in which the mechanical load is not 
constant over time, i.e. when the shear strain successively relaxes the stresses.

Of these processes only fracturing of the rock due to the thermal load (e.g. thermally induced spalling) 
that could affect the migration between buffer and rock (related to safety function R2b) was found 
to have any significance for safety. An updated assessment of this possibility is thus included in 
Chapter 4 of this report.

1 Mid-ocean ridge push is a proposed mechanism for plate motion in plate tectonics.
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Hydrogeology
SR-Can assessed the following hydrogeological processes related to the initial temperate period after 
repository closure (see /SKB 2006a, Section 9.3.6/):

•	 The analysis of the resaturation phase deals with effects of an initially open repository, i.e. a 
repository at atmospheric pressure, being water filled. The overall objective was to assess the 
implications of site hydrogeological and hydrogeochemical conditions on the repository satura-
tion process, i.e. safety functions R1 and R2.

•	 After saturation of the repository, groundwater flow directions and magnitudes are of interest 
for studying transport of solutes potentially harmful to the repository, and for studying potential 
releases of radionuclides from defective canisters. Groundwater flow paths provide information 
on where in the bedrock transport would take place and where exfiltration to the biosphere 
occurs. Properties along flow paths provide information on transport and retention characteristics 
of potentially migrating radionuclides. The overall objective is to assess the implications of site 
hydrogeological and hydrogeochemical conditions on repository performance. Generally, this 
was assessed by simulating the groundwater flow, identifying migration paths and calculating 
travel time and transport resistance (F-factor) for these paths. Thus, the analysis is mainly related 
to the safety function R1 and R2ab.

Of these analyses, the assessment of flow related transport parameters was shown to be of impor-
tance for long-term safety. An update of these parameters is thus included in Chapter 5 of this report.

Chemical evolution in and around the repository
SR-Can /SKB 2006a, Section 9.3.7/ assessed the Chemical evolution in and around the repository 
for the initial temperate period after repository closure. The key question addressed for this period 
is whether the chemical environment will remain favourable after repository closure. The most 
important parameters are redox properties (safety function R1a) and salinity (safety function R1b 
and R1c). Other factors to consider are the groundwater content of potassium, sulphide and iron(II), 
as they might affect the chemical stability of the buffer and the canister (safety function R1d) and the 
effect of grouting in the geosphere and cementitous materials in the engineered barriers that could 
affect groundwater pH (safety function R1e).

An assessment of the chemical evolution in and around the repository for the initial temperate period 
after repository closure is potentially important. An update is thus included in Chapter 6 of this report.

1.2.4	 Evolution for the remaining part of the reference glacial cycle
Thermal evolution
The thermal evolution during this glacial cycle is assessed in /SKB 2006a, Section 9.4.3/. The main 
factors of importance for repository safety in the periglacial climate domain are the permafrost and 
frozen depths, the depth of the isotherm at which the clay buffer freezes, the duration of permafrost 
or frozen conditions and the possible freezing out of salt that may result in a zone with high salinity 
beneath the frozen front.

SR-Can shows that the evolution of the permafrost depth is site and repository layout (depth) 
dependent. Such an analysis is thus potentially important as input to the site selection and is found in 
Chapter 3 of this report.

Rock mechanics
SR-Can /SKB 2006a, Section 9.4.4–9.4.5/, assessed the following rock mechanics processes related 
to the glaciation cycle:

•	 Reactivation of fractures that could affect fracture transmissivity in the far-field and in the near 
field (safety function R2b).

•	 Fracturing – potential for hydraulic jacking that could affect fracture transmissivity (safety func-
tion R2b).



TR-10-54	 17

•	 Potential for creep deformation that could affect the geometry of the deposition holes (safety func-
tion R3), which in turn indirectly could affect several of the buffer and canister safety functions.

•	 Seismicity and faulting that could imply shear movement of fractures intersecting deposition 
holes (safety function R3a) and also increase the transmissivity of the sheared fracture (safety 
function R2b).

Of these processes, only seismicity and faulting was shown to be significantly important for long-
term safety. Such an analysis is thus potentially important as input to the site selection and is found 
in Chapter 7 of this report.

Hydrogeology
SR-Can /SKB 2006a, Section 9.4.6/, assessed the following hydrogeological issues during periods of 
permafrost and ice-sheet development:

•	 What is the maximum groundwater pressure during a glacial episode (safety function R3a)? In 
particular, will it be altered in such a way that the mechanical environment is not favourable?

•	 What is the groundwater flow during periods of permafrost and ice-sheet development (safety 
function R2ab)? In particular, will it be altered in such a way that the hydrological environment is 
not favourable?

These conditions are potentially different between the sites.

Geochemical evolution
SR-Can /SKB 2006a, Section 9.4.7/ treated the following geochemical issues for permafrost and 
glacial conditions:

•	 Evolution of salinity.

•	 Evolution of redox conditions.

•	 Evolution of concentrations of other relevant natural groundwater components.

•	 Effects of grouting, shotcreting and concrete on pH.

All these affect safety function R1 (Provide chemically favourable conditions). Of these, the evolution 
of salinity, redox and concentrations of other relevant natural groundwater components during the 
glacial cycle were shown to have long-term safety implications Such an analysis is thus potentially 
important as input to the site selection and is found in Chapter 6 of this report.

1.2.5	 Containment potential and risk
Estimation of risk is the main output of the safety assessment methodology applied in SR-Site. As 
further described in SR-Site main report, Section 2.5.9, estimation of risk is Step 9 of the SR-Site 
assessment methodology, and it is is divided into two steps: analysis of containment potential and 
analysis of retardation potential. 

While SR-Site encompasses a complete risk assessment for all scenarios, a more limited approach is 
judged sufficient for this report. For comparison between the sites it is judged fully sufficient to only 
compare the risk contributions arising from the scenarios that are the main contributor to risk. The 
assessment is made in Chapter 10.

1.2.6	 Confidence in the site descriptive model
As already discussed above, only some site properties are important for the long-term safety, but the 
feedback from SR-Can also demonstrates the necessity to develop sufficient understanding of the 
processes and mechanisms governing the general evolution of the site. Nevertheless, it is necessary 
to assess the uncertainties and the confidence in the modelling and address whether the confidence in 
the site descriptive model, with its uncertainties, is sufficiently high for this intended purpose. This is 
discussed in Chapter 11 of this report.
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1.3	 Resulting issues addressed in this report
Based on the identification of issues addressed in the previous section, a number of issues related to 
long-term safety need to be considered in the context of site selection:

•	 The possibility of achieving the initial state and potential site differences relating to this such as 
spalling and site specific flow conditions affecting piping erosion. This is addressed in Chapter 2.

•	 Results from analyses of freezing of various parts of the repository during permafrost and glacial 
conditions and an evaluation of the impact this could have on long-term safety. This is addressed 
in Chapter 3. 

•	 The possibility of preventing or reducing thermally induced spalling at the sites and an updated 
evaluation of the importance of this factor for safety. This is addressed in Chapter 4.

•	 Results from analyses of long-term hydrogeology including performance measures like the flow 
related transport resistance, F, advective travel times, tw, and equivalent flow rate, Qeq. Results 
from several conceptual models are evaluated for each site, see Chapter 5.

•	 The composition and evolution of salinity, redox and concentrations of other relevant natural 
groundwater components. This is addressed in Chapter 6.

•	 An updated estimate of the number of deposition holes in which canisters could be damaged by 
earthquakes. This is addressed in Chapter 7.

•	 A discussion on potential mineral resources at the sites, based on the findings from the SDMs, as 
this is of relevance for assessing future human actions. This is addressed in Chapter 8.

•	 While dilution does not have any specific safety function, as discussed in SR-Can /SKB 2006a, 
Section 7.1.1/ and in SR-Site main report Chapter 8, it is the biosphere conditions, e.g. the 
surface ecosystems, that determines the dose and risk consequences of potentially released 
radionuclides. This is addressed in Chapter 9.

•	 Expected results of calculated risk at the sites. This discussion is based on differences in input 
data and experiences from earlier calculations. This is addressed in Chapter 10.

•	 An evaluation of whether the confidence assessment of the Site Descriptive Models of the sites 
implies differences in confidence in the results of the safety assessment. This is addressed in 
Chapter 11.

In the following, each of these factors is discussed in a dedicated chapter and overall conclusions are 
finally presented in Chapter 12.
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2	 Achieving the initial state

2.1	 Introduction
The initial state of the engineered parts of the repository system, e.g. the canister, the buffer, the 
backfill, the sealing and the rock excavations, is the result of the repository design, construction 
and quality control. These conditions are described in “production reports” /SKB 2010a/. The initial 
states of the geosphere and the biosphere relate to the site properties and conditions at the time of 
disposal and is documented in the site description reports for the two sites /SKB 2008a/ and /SKB 
2009a/. 

The initial state of the geosphere and biosphere, not being directly disturbed by the underground 
excavation, is discussed in subsequent chapters and is not further discussed here. Furthermore, most 
of the initial state of the engineered parts of the system (e.g. the canister, buffer, backfill and the 
closure) are essentially independent of site. In contrast, the underground openings, e.g. the design 
and location of deposition tunnels, deposition holes, as well as auxiliary parts of the repository must 
be adapted to the site conditions as described in detail in the underground openings construction 
report /SKB 2010b/. Site specific designs fulfilling stated design premises have been developed 
both for Forsmark /SKB 2009d/ and for Laxemar /SKB 2009b/. These aspects of the initial state are 
potentially important for safety.

2.2	 Safety relevance
In order to ensure that the repository design and construction leads to a safe repository SKB has 
developed design premises with respect to long-term safety / SKB 2009c/. The purpose is to provide 
requirements from a long-term safety perspective, to form the basis for the development of the 
reference design of the repository and to justify that design. Design premises typically concern speci-
fications of mechanical loads the barriers must withstand, restrictions on the composition of barrier 
materials, or acceptance criteria for underground excavations. The justification for these design 
premises is derived from the safety assessment SR-Can, SR-Can main report, complemented with 
a few additional analyses.

2.3	 Forsmark
A site specific design for a repository at Forsmark has been developed and reported in Layout D2 
Forsmark /SKB 2009d/. Furthermore, the underground openings construction report /SKB 2010b, 
Chapter 6/ shows that the proposed design, excavation and control procedures, will ensure that depo-
sition tunnels and deposition holes accepted for disposal will meet the Design Premises for long-
term safety. In addition, a technical risk assessment is made in the Layout D2 report addressing the 
risk that the loss of potential deposition positions would exceed the 23% loss that the current design 
can accommodate without changing the layout. The following is found /SKB 2009d, Section 9.3/:

•	 None of the consequences from the geohazards assessed would render the repository unsuitable 
for the purpose intended.

•	 The in situ stress conditions at the depth of the repository are not expected to cause spalling 
on the deposition holes, before the thermal load is applied, assuming the most likely stress 
conditions. However, there is uncertainty regarding this design parameter. Some data and indirect 
evidence point to lower stress magnitudes while other data and evidence point to higher stress 
magnitudes. Evaluation of all possible stress models indicates that mitigation measures in terms 
of deposition tunnel orientation and opening shape should be adequate for restricting the spalling 
to acceptable levels. Plans should be developed to reduce the uncertainty in the stress magnitudes 
and orientations during the construction of the access ramp and shaft.
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•	 There is a general lack of confidence in the predicted loss of deposition hole positions due to 
large fractures, but the risk that the loss is underestimated is judged very low. 

•	 There is great confidence in the overall geological and hydrogeological model for the site. It 
indicates that the frequency of water bearing fractures at the repository level is less than 0.01/m 
implying that there is on average more than 100 m between water bearing fractures.

It can thus generally be concluded that a repository constructed at Forsmark will meet the design 
premises for long-term safety, while also meeting SKB’s capacity requirements. 

2.4	 Laxemar
A site specific design for a repository at Laxemar has been developed and reported in Layout D2 
Laxemar /SKB 2009b/. Furthermore, although the underground openings construction report /SKB 
2010b, Chapter 6/ strictly concerns the layout and design developed for Forsmark, the arguments and 
facts used for showing compliance with the long-term safety design premises are non-site specific. 
This means that the proposed design, excavation and control procedures, should ensure that deposi-
tion tunnels and deposition holes accepted for disposal will meet the Design Premises for long-term 
safety. However, the technical risk assessment for Laxemar, made in the Layout D2 report concludes 
that when applying the requirements as stated by the Design Premises, the available gross capacity 
of about 8,000 deposition positions cannot be judged sufficient to host a repository with 6,000 
deposited canisters, without significant design changes. Furthermore, as demonstrated in Chapter 10, 
conformity with the design premises is not alone a guarantee for a safe repository. The following is 
found /SKB 2009b, Chapter 9/:

•	 The water inflows to many deposition holes are judged to be higher than the accepted values. 
This occurs most frequently in the hydraulic domain (HRD_EW007, see Figure 5‑8), which 
in the current repository layout accounts for about 2,000 positions. The loss of positions is 
however high (20–30%) also in other domains. This risk can be handled primarily by avoiding 
HRD_EW007 and by revising the thermal dimensioning such that the remaining area is used 
more efficiently, although at the expense of more deposition tunnels to be constructed. Additional 
space, outside the currently well-investigated area may also be needed. Even considering these 
design changes there will be a substantial need for grouting and special technology may be 
needed in order to reach sufficiently small inflows. Such grouting technology has recently been 
developed by SKB, but further development is required to reach a level industrial application.

•	 The in situ stress conditions at the depth of the repository are not expected to cause spalling of 
the deposition holes before the thermal load is applied.

•	 There is a general lack of confidence in predicted loss of deposition hole positions due to large 
fractures, but the risk that the loss is underestimated is judged very low. 

It can thus generally be concluded that a repository constructed at Laxemar could meet the design 
premises for long-term safety, but there is high uncertainty as to whether the current layout and 
design would meet SKB’s capacity requirements. Furthermore, compared with Forsmark, there 
would be many more accepted deposition positions that would have inflows close to the accept-
ability criterion and this has safety consequences as assessed in Chapter 10.
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2.5	 Conclusion
The underground openings construction report /SKB 2010b/ shows that the proposed design, excava-
tion and controlled procedures, will ensure that deposition tunnels and deposition holes accepted for 
disposal will meet the Design Premises. This applies to both sites. However, based on the technical 
risk assessments presented in the Layout D2 reports, sites /SKB 2008b/ and /SKB 2009b/ respec-
tively, it is expected that this will imply a substantially greater loss of potential deposition positions 
at the Laxemar site, due to its high frequency of water conducting fractures, than at the Forsmark 
site. In addition the following can be noted:

•	 At Laxemar most deposition holes will be connected to a flowing fracture, whereas only a few 
deposition holes at Forsmark will be connected to a flowing fracture. Furthermore, compared 
with Forsmark, there would be many more accepted deposition positions that would have inflows 
close to the acceptability criterion and this has safety consequences, as assessed in Chapter 10.

•	 At Laxemar, it is expected that a large proportion of the deposition tunnels would need to be 
grouted, in order to meet inflow criteria for deposition tunnels, and such tunnel sections would 
be unsuitable for deposition holes. At Forsmark, such grouting is only expected to be needed at a 
few locations.

•	 At Forsmark, there is a risk that deposition holes will experience spalling after excavation, 
whereas no such spalling is expected at Laxemar. However, the depth of the spalling is limited, 
and the geometrical deviations of the deposition holes are judged to lie within the required toler-
ances. Furthermore, this can easily be checked prior to disposal, which means that there is no risk 
that canisters will be emplaced in unsuitable holes. 
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3	 Sensitivity to climate evolution

3.1	 Introduction
Changing climate conditions may result in several phenomena that have impact on the Forsmark 
and Laxemar sites, including the formation of ice sheets and permafrost, shore-level displacement 
and surface weathering and erosion. However, as will be discussed in this chapter, the differences 
between the sites are, with some exceptions, not large enough to be of importance for site selection, 
even if the process as such is of high importance in the safety assessment.

3.2	 Safety relevance
Currently both sites experience a temperate climate domain, which apart from the impact from ground-
water flow and infiltration of meteoric water will not affect a repository. However, additional impact 
may occur if the climate changes.

3.2.1	 Effects of global warming 
In the Global warming case analysed in SR-Site, both sites experience a warmer and wetter climate 
than today /Kjellström et al. 2009/. At both sites, the annual temperature range in the present climate 
is reduced due to the future warming being stronger in winter than in summer. The snow season 
is much shorter at the sites, or even totally absent. The present-day spring peak in runoff is absent 
and there is instead a more widespread wintertime runoff maximum related to the large amounts of 
precipitation for that season. In one model realisation, out of many possible, the annual mean air 
temperature at Forsmark, simulated for a period a few thousand years into the future, rises by 3.6°C 
and at Laxemar by 3.2°C (compared with the climate 1961–2000) /Kjellström et al. 2009/. This 
results in a mean annual air temperature at Forsmark of +8.3°C and at Laxemar +9.4°C. In the same 
climate simulation, the annual precipitation increases by 20–30% at Forsmark and by 15–20% at 
Laxemar (annual mean precipitation is just above 800 mm at Forsmark and just above 900 mm at 
Laxemar). 

In a warmer climate, there is some difference between the sites in terms of maximum sea level rise 
up to year 2100 /Brydsten et al. 2009/, with a maximum value of around +3 m at Forsmark and 
+3.5 m at Laxemar. These numbers apply for short-term severe storm events, and also assume the 
worst scenario for global sea-level rise as known from the literature today. However, the difference 
between the sites is not large. Also in the more long-term, there are differences in shore line displace-
ment between the sites /SKB 2006b, SKB 2010c/, mainly related to a larger amount of remaining 
isostatic uplift at Forsmark compared with Laxemar. Regardless of present uncertainties in future sea 
level rise, the Forsmark site will in the Global warming case eventually raise higher above sea-level 
than the Laxemar site /SKB 2006b, SKB 2010c/. 

After some thousands of years of global warming and associated rising sea levels in the Global 
warming case, the remaining isostatic rebound is assumed to keep the sites above sea level for a long 
period of time /SKB 2006b, SKB 2010c/. During this time, ground water forms entirely by meteoric 
waters. Possible consequences of this are discussed in the geochemistry chapter (Chapter 6). 

3.2.2	 Maximum ice sheet thickness
During periods of future ice sheet coverage, Forsmark will experience a larger maximum ice sheet 
thickness than Laxemar due to the difference in geographical location. This results in that Forsmark 
also has a larger maximum hydrostatic pressure at repository depth. The maximum additional pres-
sure from ice loading is c. 5 MPa higher at Forsmark than at Laxemar /SKB 2006b/. This difference 
is however judged to be small compared with the margin between the highest pressures and the 
isostatic load that the canister can withstand without global collapse, and therefore this process is not 
further discussed here. 
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3.2.3	 Total time of ice sheet coverage
For glacial conditions, the total time of ice sheet coverage is longer at Forsmark than at Laxemar, 
with ice covering Forsmark for 24% and Laxemar for 16% of the time in the SR-Site Reference 
evolution (i.e. repetition of last glacial cycle conditions). This could affect groundwater chemistry 
(see Chapter 6) and doses in the biosphere (Chapter 9). In this context it is worth mentioning that 
cases with considerably longer periods of ice sheet coverage are analysed for Forsmark in SR-Site 
/SKB 2010c, Section 5.3/. 

3.2.4	 Surface weathering and erosion
Possible amounts of surface weathering and erosion in a 100,000 year and 1 million year time 
perspective were studied in /Olvmo 2010/ The results show that the differences between the sites are 
small, and therefore these processes are therefore not further discussed here. 

3.2.5	 Total time of sea coverage
In the Reference evolution, the sea covers the Forsmark site longer than the Laxemar site /SKB 2006b/, 
due to differences in ice sheet thickness and location of the repository sites. This could affect groundwa-
ter chemistry (Chapter 6) and doses in the biosphere (Chapter 9).

3.2.6	 Permafrost and freezing
As mentioned above, a changing climate can result in that permafrost develops at the sites, i.e. that the 
ground water freezes and may stay frozen for long periods of time. This results in three phenomena of 
relevance for repository safety; i) freezing of parts of the rock above the repository ii) changes in ground 
water flow pattern and iii) expulsion of salt in case salt water is freezing. The SR-Site analysis of the 
effects of changes in ground water flow have been conducted within the hydrogeology programme, see 
Chapter 5. Expulsion of salt and its impact on salinity is considered in the hydrogeochemical analysis, 
see Chapter 6.

Climate model simulations show that during the cold ice-free periods of glacials, both sites have the 
necessary climatological requirements for permafrost formation /Kjellström et al. 2009/. The results 
also show that Forsmark may experience a climate more favourable for severe permafrost growth, 
resulting in more widespread and/or deeper permafrost than Laxemar. This difference is due mainly 
to the geographical locations of the sites.

In this context, the term “permafrost depth” is defined as the depth of the 0°C isotherm, while “freezing 
depth” also includes the effect of the prevailing pressure (higher pressures lowers the freezing point 
temperature, and hence water may stay unfrozen even if the temperature is below 0°C) and ground 
water salinity. In the following the two terms are used interchangeably. However, when depth values 
are reported, they always refer to freezing depth, since this is the relevant parameter when analyzing 
repository performance. 

If water filled fractures and cavities are exposed to freezing temperatures, the water will freeze. The 
increase in volume associated with the phase change will yield a pressure on the fracture walls, which 
theoretically could enlarge fractures. Theoretically, this could also apply to fractures induced by the 
excavation work, the “EDZ”. However, if the water freezes there will be about 9% volume expansion. 
At the very most this implies a 9% increase of the aperture corresponding to a 30% increase of fracture 
transmissivity for the unrealistic case that this aperture increase would not be reversible. Such a small 
increase would be of no significance for safety. 

If buffer erosion takes place, water filled cavities will form in the affected deposition hole. If such 
cavities are subject to freezing temperatures, the formation of ice may yield a pressure on the canister. 
Calculations made for SR-Can show that, for a relevant ambient pressure of 20 MPa (sum of swelling 
pressure and ground water pressure), the maximum pressure in the erosion cavity, including the freez-
ing pressure, is 26 MPa /SKB 2006a, Section 12.4.4, Table 12-1/. For higher ambient pressures, such 
as under a maximum large ice sheet, see above, the high pressures prevents freezing in the cavities. 
Complementary studies made for SR-Site support these conclusions, see the SR-Site Climate report, 
Section 5.7 / SKB 2010c/.
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Since permafrost and freezing are potentially important to repository safety, permafrost simulations 
have been carried out within SR-Can for both sites. The results are presented in the following two 
sections. 2D permafrost simulations have been conducted for Forsmark for the Reference evolution 
and for a Severe permafrost case, favourable for early and deep permafrost development (Figure 3-1), 
see the Climate report Sections 3.4.4 and 5.5 and /Hartikainen et al. 2010/. 2D permafrost simula-
tions have not been performed for Laxemar. Instead, for a comparison of the sites, the 1D permafrost 
simulations conducted for Forsmark and Laxemar for corresponding climate cases in SR-Can /SKB 
2006b/ are used. The 1D and 2D models produce very similar results at the specific locations of the 
repository (Figure 3-2), legitimising this approach. 

3.3	 Permafrost development at Forsmark
Permafrost development at Forsmark has been simulated along a 15 km long profile (Figure 3‑1), 
for various possible climate situations. In the simulation for the Reference evolution, that is the 
repetition of reconstructed last glacial cycle conditions, the maximum freezing depth at Forsmark is 
c. 250 m (Figure 3-2). In the Severe permafrost simulation, favourable for early and deep permafrost 
development, the maximum freezing depth over the repository at Forsmark is c 360 m (Figure 3-3). 
This case describes a situation in a cold ice age climate with significantly dryer conditions than 
during the last glacial cycle.

Examples of the temperature distribution in bedrock and permafrost depth from the 2D simulation 
of the Severe permafrost case at Forsmark is seen in Figure 3-4. During the first thousands of years 
after repository closure, heat generated by the repository has a large impact on bedrock temperatures, 
and also on permafrost depth (Figure 3-4 upper panel). After c. 50,000 years, continuous permafrost 
has formed at the site, and repository heat production has declined (Figure 3-4 lower panel). 
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Figure 3‑2. Evolution of permafrost and perennially frozen ground depth at the Forsmark repository location for the 
first 50 kyrs of the reference evolution as simulated by the 2D (SR-Site) and 1D (SR-Can) permafrost models. The 
shaded area in blue and red represents the range obtained from the 2D modelling when considering one wet and 
one humid climate variant. Further uncertainties in the permafrost modelling are discussed in the Climate report 
Section 3.4.4. Both model simulations show that the maximum permafrost depth is ~250 m around 50 kyrs after present.

Figure 3‑3. Evolution of maximum permafrost depth, maximum depth of perennially frozen ground and maximum depth 
of –2 and –4°C isotherms over the repository location in Forsmark for the Severe permafrost case, see Climate report, 
Section 5.5. The upper permafrost surface, for periods of permafrost 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 darker lilac colour indicates that the results for permafrost and perennially frozen ground overlap.
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The 2D results further show that unfrozen sections from the surface to the depths “taliks”, may form 
under lakes in the vicinity of a repository at Forsmark (not shown in figures here). The hydrogeo-
logical implications of this have been investigated within the hydrogeology programme, see e.g. 
Chapter 10 of SR-Site main report.

At Forsmark, in the Reference evolution and Severe permafrost case, permafrost grows progressively 
deeper in several phases interlaced with periods without permafrost (Figure 3-2 and 3-3). In the 
Reference evolution, the maximum freezing depth occurs just prior to the first ice sheet advance over 
the sites, around 50,000 years into the future (Figure 3-2). At this advanced stage, the entire landscape 
at Forsmark is covered by permafrost (no unfrozen taliks are present) (Figure 3-4, lower panel). In the 
Severe permafrost case the maximum freezing depth occurs later, around 90,000–100,000 years into 
the future (Figure 3-3). 

In the upper part of the repository, ramp and shafts repeatedly experience sub-zero temperatures in 
both the Reference evolution (Figure 3-2) and in the Severe permafrost case (Figure 3-3). 

For both the Reference evolution and the Severe permafrost case, complementary sensitivity studies 
were performed to cover all uncertainties related to permafrost development, including the large 
uncertainty in air temperature, see Climate report Appendix A. Also uncertainties in geothermal 
heat flux and other parameters related to subsurface and surface conditions were evaluated, see 
Climate report, Section 3.4.4 and 5.5. 

The sensitivity tests of uncertainties showed that even under very pessimistic circumstances, i.e. 
when simultaneously setting all known uncertainties in the position most favourable for permafrost 
growth, freezing does not occur at repository depth in Forsmark, see the Climate report Section 5.5. 

Figure 3‑4. Examples of temperature contours in (°C) and extent of frozen conditions from the 2D perma‑
frost simulations of the Severe permafrost case (humide climate variant). The upper and lower panels show 
the situation 8,500 and 50,000 years after present respectively. The 0°C isotherm shows the permafrost 
depth, while bright colours in the upper part of the bedrock show frozen conditions and darker colours at 
greater depths indicate unfrozen conditions Vertically coloured areas indicate different rock domains. The 
repository is seen as a rectangular box at a distance of c. 5,000 m. 8,500 years after present (upper panel) 
the heat from the repository has a large influence on bedrock temperatures and permafrost formation.
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The results from this quite unrealistic combination of uncertainties, yielded a maximum depth of 
the uncertainty interval for freezing of 422 m, see Climate report, Section 5.5. At the same time, 
the uncertainty interval for the permafrost depth (defined by the 0°C isotherm) reaches a maximum 
depth of 463 m. It should be noted that the presence of permafrost does not mean that the ground at 
depth is frozen since the groundwater pressure, groundwater composition of groundwater, and the 
adsorptive and capillary properties of ground matter make the groundwater to freeze at temperatures 
below 0°C. The results further showed that the maximum depth of the uncertainty interval for the 
−2°C and −4°C isotherms, corresponding to the SR-Site temperature criteria used for buffer and 
back-fill freezing, reach 388 and 316 m. 

The conclusion from a combined analysis of the Reference glacial cycle and the severe permafrost 
case, and taking all relevant uncertainties into account for each case, is thus that freezing of ground-
water, buffer or back-fill material at repository depth will not occur at Forsmark. This is the case 
even when making the most pessimistic, and unrealistic, combination of uncertainties, see SR-Site 
main report. 

3.4	 Permafrost development at Laxemar
In the Reference evolution simulation made in 1D for Laxemar for SR-Can, the maximum freezing 
depth is 157 m (Figure 3-5, right panel). In a 1D simulation with pessimistic climate assumptions 
favourable for deep permafrost (corresponding to the SR-Site Severe permafrost case at Forsmark 
above), the maximum freezing depth at Laxemar is 263 m (Figure 3-6 right panel). Given the very 
large similarity between the 1D and 2D results of Forsmark (Figure 3-2), the 1D results for Forsmark 
from SR-Can / SKB 2006b/ may be used to make a comparison with the Laxemar site. Like in 
Forsmark, the permafrost at Laxemar in the Reference evolution and Severe permafrost case, grows 
progressively deeper in several phases interlaced with periods without permafrost (Figure 3-5 and 
3-6). In the Reference evolution, the maximum freezing depth occurs just prior to the first ice sheet 
advance over the sites, around 50,000 years into the future (Figure 3-5 at time –70 ka). In the Severe 
permafrost case, the maximum freezing depth occurs later, around 90,000–100,000 years into the 
future (Figure 3-6, right panel, at time –20 krs).
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Figure 3‑5. Depth of permafrost and perennially frozen conditions at Forsmark and Laxemar for the 
Reference evolution from 1D modelling for SR-Can /SKB 2006b/. (The cryopeg denotes unfrozen parts of 
the permafrost due to high pressure). The maximum permafrost depth at Laxemar is c 160 m in the refer‑
ence evolution (right panel). Note that the time scale in the figure shows times for the last glacial cycle. In 
order to project this into the future, 0 ka should be on the left side and +120 ka on the right.
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In the upper part of the repository ramp and shafts repeatedly experience sub-zero temperatures in 
both the Reference evolution (Figure 3-5 right panel) and in the Severe permafrost case (Figure 3-6 
right panel). In line with the above, the 1D simulations made for SR-Can shows that freezing at 
repository depth at Laxemar can be excluded (Figure 3-2 right panel). Given these results, and the 
results of the analysis of uncertainties in Forsmark (Section 3.3), it is further anticipated that there 
would be ample margin to freezing at Laxemar even if all uncertainties related to permafrost growth 
would be included.

3.5	 Conclusions
In terms of changes in climate, the major difference between the sites relates to periglacial climates 
with permafrost, with some exceptions related to the biosphere and to ground water chemistry. 

During cold periods without ice sheets at the sites, permafrost and freezing of ground water reach 
closer to repository depth at Forsmark than at Laxemar, even if freezing of groundwater, buffer and 
deposition tunnel back-fill is ruled out also in Forsmark. The difference between the sites is mainly 
due to differences in climate /e.g. Kjellström et al. 2009/ and differences in bedrock thermal proper-
ties /SKB 2006b/. 

Freezing above repository depth
A larger vertical portion of the rock above the repository is subject to repeated freezing/thawing 
cycles at Forsmark than at Laxemar. In the ramp, a larger portion of the closure backfill material 
(from the surface and downwards) will freeze at Forsmark compared with Laxemar. This is true also 
for water filled bedrock fractures (including any fracturing induced by the excavation “the EDZ”). 
A theoretical enlargement of such fractures from repeated freeze and thaw cycles could take place 
along a larger portion of the ramp in Forsmark than in Laxemar.
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Figure 3‑6. Depth of permafrost and perennially frozen conditions at Forsmark and Laxemar for the severe 
permafrost case from 1D modelling for SR-Can /SKB 2006b/. (The cryopeg denotes unfrozen parts of the 
permafrost due to high pressure). The maximum permafrost depth in the severe permafrost case at Laxemar 
is c 260 m. Note that the time scale in the figure shows times for the last glacial cycle. In order to project 
this into the future, 0 ka should be on the left side and +120 ka on the right.
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Freezing at repository depth, except intact buffer
Even in the most pessimistic, but still feasible, situation, freezing of free water at repository depth 
does not take place at Forsmark. That is water in e.g. the central area, in cavities in weathered plugs, 
or in water filled bedrock fractures remains unfrozen. This is in line with the situation at Laxemar, 
where all parts of the repository at repository depth are projected to remain unfrozen at all times.

Freezing of intact buffer clay
Based on the results of SR-Can and SR-Site, the buffer clay will not freeze at repository depth at 
Forsmark or Laxemar, even in the most pessimistic climate case, see the SR-Site main report, 
Section 12.4. If such freezing of the buffer clay would occur, the clay would regain its properties 
after thawing.

Freezing in buffer erosion cavities
Freezing in buffer erosion cavities has been excluded at both Forsmark and Laxemar, even for the 
most pessimistic climate case analysed for the Forsmark site. 

Overall conclusion 
The major difference between the sites in terms climate related processes relates to freezing of vari-
ous parts of the repository. Other climate related processes may give relevant differences in ground 
water chemistry and biosphere characteristics. 

With regard to freezing the following is found:

•	 A larger vertical portion of the rock above the repository is subject to repeated freezing/thawing 
cycles at Forsmark compared to Laxemar. 

•	 Even for the most pessimistic case of, unrealistically, combining all uncertainties as to favour 
permafrost development, freezing of free water at repository depth, e.g. in the central area or in 
cavities in weathered plugs, can not take place at Forsmark or Laxemar.

•	 The buffer clay will not freeze at repository depth at Forsmark or Laxemar even in the most pes-
simistic case of, unrealistically, combining all uncertainties as to favour permafrost development.

In conclusion, due to the lower thermal conductivity at Laxemar and its more southern position a 
repository at Laxemar will experience less freezing than a repository at Forsmark. The differences 
are, however, judged small. Since freezing of groundwater, buffer and deposition tunnel backfill is 
judged unrealistic at both sites, and since the impact of freezing, was it to occur, is moderate, the 
differences in potential for freezing between Laxemar and Forsmark have little significance for the 
site selection.
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4	 Rock mechanics impacts – thermally induced 
spalling

4.1	 Introduction
If rock stresses are high, the rock towards an excavated rock surface may crack and form rock flakes 
in a phenomenon called spalling. Spalling occurs if the tangential stress at the wall reaches the 
spalling strength of the material (called crack initiation stress). Even if the initial rock stresses are 
not sufficient to produce spalling, there is still the possibility that spalling may occur later due to the 
additional thermal load. The potential occurrence of spalling is site and repository design specific, as 
it depends on the in situ stress, the intact strength, and thermal expansion behaviour of the rock, and 
on the repository layout. 

4.2	 Safety relevance
Spalling may create a zone of substantially enhanced porosity and hydraulic conductivity. These 
changes may dramatically increase the mass transfer between the deposition hole and the rock, noted 
Qeq1, if the buffer is intact, as shown in SR-Can main report /SKB 2006a, Section 9.3.6/. SR-Can 
main report /SKB 2006a, Section 13.1 concludes that thermally induced spalling around deposition 
holes 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, but such situations 
contribute little to risk. If advective conditions prevail in the buffer, the effects of spalling are 
insignificant. This means that spalling has no impact on the risk dominating conditions according 
to SR-Can (nor according to SR-Site), e.g. impact of rock shear due to potential earthquakes and 
impact of loss of buffer due to bentonite erosion.

4.3	 Analysis of the potential for thermally induced spalling
The potential for thermally induced spalling has been reassessed /Hökmark et al. 2010/, using the 
modelling approach applied in SR-Can, but with updated site specific data and for the repository 
layouts developed Layout D2 Forsmark /SKB 2009d/ and Layout D2 Laxemar /SKB 2009b/.

The model calculates the tangential stress at the wall of the deposition hole resulting from in situ 
stress and the thermal load. This stress is in turn compared with the spalling strength of the rock. The 
latter is assumed to lie somewhere between 52%–62% of the Uniaxial Compressive Strength (UCS) 
of the rock, cf. Section 6.4 in the SR-Site Data report /SKB 2010d/ and Appendix A4.

The modelling requires the following geosphere input data:

•	 Rock mass elastic properties for the different scales of importance (Young’s modulus E [GPa] 
and Poisson ratio υ).

•	 Rock mass density r [kg/m3].

•	 Uniaxial compressive strength UCS [MPa].

•	 Initial, pre-mining stress magnitudes and orientations.

The modelling also needs:

•	 Rock mass thermal conductivity λ [W/(m∙K)] and diffusivity a [m2/s].

•	 Rock mass thermal expansion coefficient α [m/(m∙K)].

•	 In situ temperature at repository depth T [°C].
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These data are provided in the SR-Site Data report /SKB 2010d, Sections 6.2 and 6.4/ for Forsmark 
and Appendix A2 and A4 in this report for Laxemar, and fully builds on the Site descripitve models 
of the two sites SDM-Site Forsmak /SKB 2008a/ and SDM-Site Laxemar /SKB 2009a/. The model-
ling also needs repository design and layout.

In addition, SKB has conducted field tests at Äspö HRL /Glamheden et al. 2010/ to assess the potential 
for mitigating spalling by adding small counter pressures. However, while the tests support the pos-
sibility that the counter pressure exerted by bentonite pellets in the slit between buffer and rock wall, 
may suppress the spalling, current results are inconclusive. For the purpose of this assessment it is thus 
judged appropriate to discount the possibility that thermally induced spalling can be handled in this 
manner. This does not mean that efforts to handle and mitigate thermally induced spalling should not 
continue – only that this factor will not be considered in site comparison. 

4.4	 Forsmark
The thermo-mechanical analyses of the potential for spalling at Forsmark /Hökmark et al. 2010, 
Chapter 9/ shows that when uncertainties in mechanical properties andin situ stresses and their 
orientations are taken into account, the following conclusions can be drawn:

•	 The spalling strength is likely to be exceeded during the thermal phase even when the lower limit 
of the stress magnitudes and most favourable tunnel orientations are considered.

•	 For the most unfavourable stress orientation and upper limit of stress magnitudes, it is possible 
that the lower limit of the spalling strength (52% of UCS) will be exceeded from the tunnel floor 
down to a depth of around 7.9 m (both when considering the mean value and the dimension-
ing value of the thermal conductivity) after 50 years. The upper limit of the spalling strength 
(62% of UCS) will be exceeded, after 50 years, from the tunnel floor to a depth of 7.3 m (mean 
value of the thermal conductivity) and 7.6 m (dimensioning value of the thermal conductivity), 
respectively.
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Figure 4‑1. Simulated maximum tangential stress after excavation (green) and 50 years after deposition 
(for two different thermal conductivities- red and blue) along deposition hole wall in Forsmark. Blue area 
represents interval for spalling strength. (Figure 9-8 from /Hökmark et al. 2010/.)
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4.5	 Laxemar
The thermo-mechanical analyses of the potential for spalling at Laxemar /Hökmark et al. 2010, 
Appendix I: section I6/ shows (Figure 4‑2) that for the models with mean values of the thermo-
mechanical properties and in situ stress orientations (using the Laxemar stress model), the following 
conclusions can be drawn: 

•	 The lower limit of the spalling strength (52% of the UCS) is exceeded in the two models in rock 
domain RSMD after about 10 years. In the other domains, the maximum stress is below the lower 
limit of the spalling strength. 

•	 In the model with the highest stresses, the lower limit of the spalling strength is exceeded from 
about 2 m below the tunnel floor to about 6.5 m below the tunnel floor after 50 years.

These results suggest quite limited thermally induced spalling at Laxemar. However, in order to 
account for uncertainty in stress magnitude the assessment was also repeated for the highest stress 
levels measured in the region – as found in the Äspö HRL. For the models with dimensioning values 
of the thermo-mechanical properties and in situ stress orientations (using major horizontal in situ 
stress as in Äspö), the following conclusions can be drawn: 

•	 The lower limit of the spalling strength (52% of the UCS) is exceeded in RSMA after about 
5 months to 1 year. The upper limit of the spalling strength (62% of the UCS) is not exceeded in 
the two models but is close to 62% after 30 years.

•	 The lower limit of the spalling strength (52% of the UCS) is exceeded in RSMD after about 
2–5 months. The upper limit of the spalling strength (62% of the UCS) is also exceeded after 
2–5 years.

•	 The lower limit of the spalling strength (52% of the UCS) is exceeded in RSMM after 2–5 months. 
The upper limit of the spalling strength (62% of the UCS) is exceeded in after 2–30 years depend-
ing on location.

•	 In the model with the highest stresses the lower limit of the spalling strength (52% of UCS) is 
exceeded from the tunnel floor to a depth of about 7.5 m after 50 years. The upper limit of the 
spalling strength (62% of UCS) is exceeded from about 2 m to 7 m below the tunnel floor after 
50 years.
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Figure 4‑2. Simulated maximum tangential stress (Laxemar in situ stress model) after excavation (green) 
and 50 years after deposition (for two different thermal conductivities red and blue) along deposition hole 
wall in Laxemar. Blue area represents interval of spalling strength. (Figure I-34 of /Hökmark et al. 2010/.)
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4.6	 Conclusions
The assessment of spalling potential shows that: 

•	 There is potential for thermally induced spalling at both sites.

•	 The likelihood and extent of the spalling is much less at Laxemar, especially in rock domain 
RSMA. The difference is largest if the Laxemar stress model, see Chapter 7 of SDM_Site 
Laxemar /SKB 2009a/ can be assumed to be representative of the Laxemar area, but also remains 
when assuming the limiting value of stress measured at the Äspö HRL.

•	 Taking the uncertainty spans for in situ stress orientations and magnitudes into account, there is 
potential for the spalling strength to be exceeded during the thermal phase to depths of around 
7.9 m below the tunnel floor at both sites. This means that there is little risk that the spalled zone 
would reach the bottom of the deposition hole at any of the sites.

However, SR-Site main report shows that the only risk contribution for a repository at Forsmark 
occur if advective conditions prevail in the buffer or if the canister is sheared due to earthquakes. For 
these conditions, the effects of spalling still add little to risk. The difference in potential for spalling 
between the sites is thus of little relevance for site selection.
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5	 Hydrogeology and transport conditions

5.1	 Introduction
In the present chapter, issues related to hydrogeology are presented. First, a brief summary of the 
Hydrogeological site understanding as expressed in the site-descriptive modelling (SDM) reports 
/Follin 2008, Rhén and Hartley 2009/ and references therein are provided. However, in addition to 
the results presented in the SDM reports, an analysis is provided where hydraulic conductivity values 
at repository depth, obtained from hydraulic testing, are compiled in order to make a quantitative 
comparison between the sites. Second, modelling results obtained as part of SR-Site for Forsmark, 
used in SR-Site main report, and result of corresponding performed for Laxemar as part of the 
present study, are summarised and compared. Finally, concluding remarks are given where the sites 
are ranked in terms of performance. 

5.2	 Safety relevance
The results produced by the hydrogeological modelling are used as input for several analyses in the 
safety assessment. Some key components are:
•	 Development of groundwater flow at regional, site and repository scale during the assessment period.
•	 Development of groundwater chemistry, specifically salinity, at the corresponding scales during 

the assessment period.
•	 Transport characteristics in terms of advective travel time and flow-related transport resistance 

from surface to repository depth along recharge flow paths for different time periods. 
•	 Transport characteristics in terms of advective travel time and flow-related transport resistance 

from the repository to the surface along discharge flow paths for different time periods. In 
addition, as input to radionuclide transport calculations also the Darcy flux at deposition hole 
locations in the repository is needed for the corresponding time periods. 

One of the main inputs to the modelling discussed above is fracture statistics and associated relevant 
hydraulic properties. The resulting permeability distribution of the bedrock, expressed e.g. as 
conductivity values on a given scale, is thus in itself already a good indicator of what subsequent 
modelling may yield for different applications. 

5.3	 Hydrogeological data and site understanding
5.3.1	 Forsmark
General characteristics of the site
Forsmark is located near the coast in northern Uppland in a region that forms a part of the sub-Cam-
brian peneplain in south-eastern Sweden. The candidate area for site investigation is located along 
the shoreline of Öregrundsgrepen. It is characterised by a small-scale topography of low altitude. 
The north-western part of the candidate area was selected as the target area2 for the complete site 
investigation work, see Figure 5‑1. The hydrogeology of the bedrock is summarised in /Follin 2008/ 
and presented in more detail in /Follin et al. 2007a, b/ and /Follin et al. 2008/.

Table 5‑1 lists the 25 cored boreholes shown Figure 5‑1. These are investigated with the Posiva 
Flow Log (PLF) method and the Pipe String System (PSS) method. The hydraulic data acquired 
from these tests were used to parameterise the deterministically defined deformation zones and the 
fracture networks contained in the rock mass volumes in between the deformation zones. In SKB’s 
approach to hydraulic assessment, the former are referred to as Hydraulic Conductor Domains 
(HCD), whereas the latter are referred to as Hydraulic Rock Mass Domains (HRD).

2 In SDM-Site, the subareas selected for complete site investigations at Forsmark and Laxemar are referred to 
as the Target area and the Focus area, respectively.



36	 TR-10-54

KFM10A

KFM06A

KFM08B

KFM07A

KFM02B

KFM11A

KFM07C

KFM06B

KFM12A

KFM09A
KFM08D

KFM04A

KFM08C

KFM02A

KFM06C

KFM03A
KFM03B

KFM01C

KFM08A

KFM01D

KFM09B KFM07B

KFM05A

KFM01B
KFM01A

Forsmarks församling

5

5

55

5

3

6

6

3

3

6

10

10

10

Per-

borg

Stora

LillaGnissan
Marträd

Kasör

Alskäret

Häggören

Svalören

Långören

Slätören

Dunders-

Asphällan

Öskatarna Jansgrund Asphällan

Vargudden

Vallgrund

Norrskäret

Klubbudden

Luddinören

viken
Bred-

Graven

fjärden

Stocksjön

Gunnarsbo-illfjärden

Lillfjärden

Eckarfjärden

Tixelfjärden

Labboträsket

Lövörsgräset

Fiskarfjärden

Hagen

Lättsa

R

and

7

6

9

8

Stånggrund

Orrklinten

Igelgrundet

Rönngrundet Öste

Djupträsket

Labboskogen

Stor-Tixlan
Lill-Tixlan

Mellanskäret

Lill-Lövören

Trollgrundet

Stor-Lövören

Norr-Kasudden

Viktorsgrundet

Österblänkarna

Asphällskulten
Grisselgrundet

Söder-Kasu

Ytter-Moringen

Smultrongrundet

Mellan-Moringen

Norra Måsklinten

Östra Måsklinten

Vambörsfjärden

Gällsboträsket

Asphällsfjärden

Kallrigafjär

Gunnarsboträsket

Forsmark

Stor

Stånggrundet

Forsmarks kärnkraftverk

Hermansbo

Habbalsbo

Storskäret

Jungfruholm

Giertzensgårdarna

1630000

1630000

1632000

1632000

1634000

1634000

1636000

1636000

66
96

00
0

66
96

00
0

66
98

00
0

66
98

00
0

67
00

00
0

67
00

00
0

±
0 1 20,5 kmTarget Area

Candidate area

Cored borehole

Percussion borehole

Projected surface trace of borehole

G
:\skb\gis\gem

ensam
\P

rojekt\S
R

-S
ite\JA

S
P

\FM
_B

oreholes_101020.m
xd

Bakgrundskartor © Lantmäteriet
SKB/htfh 2010-10-22 11:30

Table 5-1. List of the cored boreholes at Forsmark tested with the PFL and PSS methods. 
(Modified after Table B-4 in /Follin et al. 2008/.) 

Borehole PFL PSS Bottom elevation of 
borehole (m)

Borehole PFL PSS Bottom elevation of 
borehole (m)

KFM01A X X –982 KFM07A X –819
KFM01B X –479 KFM07B X –238
KFM01C X –333 KFM07C X –494
KFM01D X X –612 KFM08A X X –759
KFM02A X X –987 KFM08B X –166
KFM02B X X –565 KFM08C X –781
KFM03A X X –987 KFM08D X –751
KFM03B X –88 KFM09A X –621
KFM04A X X –796 KFM09B X –472
KFM05A X X –825 KFM10A X X –338
KFM06A X X –826 KFM11A X X –716
KFM06B X X –93 KFM12A X –511
KFM06C X –781

Figure 5‑1. Map showing the 25 core-drilled and the 38 percussion-drilled boreholes produced during 
the site investigation at Forsmark between year 2002–2007. The projection of the boreholes on the ground 
surface due to their inclination is also shown. The ellipse indicates the target area. (Note that the term 
“candidate area” might be changed in the future.) (Modified after Figure A-1 in /Follin 2008/.)
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The fractured rock mass volumes between the deterministically modelled deformation zones was 
divided into six fracture domains, FFM01–FFM06 based on the fracture frequency of all fractures 
/Olofsson et al. 2007/. The key fracture domains in the target area aimed for a deep repository; 
FFM01 and FFM06, occur below fracture domain FFM02, see Figure 5‑2 and Figure 5‑3. At 
Forsmark, the HRD geometries are identical to the geometries of the fracture domains.

Figure 5‑4 shows examples of PFL fracture transmissivity data from four cored boreholes, KFM01D, 
KFM06A-8A, located at drill sites 1, 6, 7 and 8, respectively. As can be seen in the plots, the 
bedrock has a high frequency of conductive fractures above –200 m, whereas below –400 m the 
frequency of conductive fractures decreases significantly. The decrease in fracture transmissivity is 
not as significant as the decrease in frequency, although the highest transmissivity values are clearly 
observed above –200 m. These observations are commented more in detail in the text below. For the 
sake of clarity, it is noted that a casing is installed in the cored boreholes, which prohibits a detailed 
characterisation of the uppermost 100 m of bedrock with the PFL and PSS methods. Instead, the 
hydraulic characterisation of the uppermost 100 m of the bedrock is made with the HTHB method. A 
description of the three different test methods, PFL, PSS and HTHB, is found in /Follin et al. 2007a/.

Deformation zones modelled deterministically, elevation c. 0 to –1,000 m
The deduced transmissivities of the deterministically modelled deformation zones are shown in 
Figure 5‑5. The transmissivities are coloured with regard to the orientations of the zones, where G 
means gently dipping. The steeply dipping zones are denoted by their strike direction. The deforma-
tion zones with no measurable flow are assigned an arbitrary low transmissivity value of 1·10–10 m2/s 
in order to make them visible on the log scale. The transmissivity data that are marked by slightly 
larger squares with a white cross in the centre represent data that were acquired for verification 
purposes, see /Follin et al. 2008/.

As can be seen in the figure, the deformation zones are hydraulically heterogeneous but there is also 
a significant decrease in deformation zone transmissivity with depth, where the gently dipping zones 
have the highest transmissivities regardless of elevation followed by the steeply dipping WNW zones.

Fractured bedrock between the deterministically modelled deformation zones, elevation 
c. 0 to –1,000 m
The data shown in Figure 5‑6 represent PFL fracture transmissivity data acquired in the target area in 
the rock mass volumes between the deterministically modelled deformation zones. Above –200 m, 
the conductive fracture frequency is much higher than below this elevation. In fact, there are hardly 
any conductive fractures below –400 m. The decrease in fracture transmissivity is not as significant 
as the decrease in frequency, although the highest transmissivity values are clearly observed above 
–200 m. These observations are confirmed by the measurements conducted with the PSS method. 
(Table 5‑1 lists the boreholes that are tested with both methods.) 

It is noted that the data occurring around –450 m are observed in the cored borehole KFM02A at drill 
site 2, see Figure 5‑1 and the lower image in Figure 5‑3. This segment of KFM02A intersects the rock 
mass volume sandwiched in between two deformation zones, ZFMA2 and ZFMF1, and is not part of 
the planned repository volume. In conclusion, the fractured rock mass volumes between the determinis-
tically modelled deformation zones look very different above and below approximately –400 m from a 
safety assessment point of view.

5.3.2	 Laxemar
General characteristics of the site
Laxemar is located close to the coast in the northern part of Småland in a region that forms a part of 
the sub-Cambrian peneplain in south-eastern Sweden. The topography is fairly flat but with relatively 
distinct valleys. The southern part of the Laxemar Local model area was selected as the focus area for 
the complete site investigation work, see Figure 5‑7. The hydrogeology of the bedrock is summarised 
in /Rhén and Hartley 2009/ and presented in more detail in /Rhén et al. 2008, Rhén et al. 2009/.
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Figure 5‑2. Three-dimensional view to the east-north-east showing the relationship between deformation 
zone ZFMA2 (red) and fracture domains FFM01–03 and FFM06. Profile 1 and 2 are shown as cross-
sections in Figure 5‑3. (Source: Figure 3-11 in /Follin 2008/.) 

Figure 5‑3. Simplified profiles in a NW-SE direction that pass through drill sites 2 and 8 (lower profile) and drill 
site 6 (upper profile). (The profiles are shown in Figure 5‑2) The key fracture domains FFM01,- 02 and -06 occur 
in the footwall of zones ZFMA2 (gently dipping) and ZFMF1 (sub-horizontal). The major steeply dipping zones 
ZFMENE0060A and ZFMENE0062A are also included in the profiles. (Source: Figure 3-9 in /Follin 2008/.)
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Figure 5‑4. Fracture transmissivity data from the cored boreholes KFM01D, KFM06A, KFM07A and 
KFM08A acquired with the PFL method. The data are coloured with regard to their structural classification 
and the blue lines indicate the typical threshold value reported from the investigations in the Forsmark 
area, 1×10–9 m2/s. The lengths of the blue lines correspond to the depths investigated with the PFL method. 
(Source: Figure 5-2, Figure 5-7, Figure 5-8 and Figure 5-10 in /Follin et al. 2007a/.)
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Figure 5‑5. Transmissivity data versus depth for the deterministically modelled deformation zones. The 
transmissivities are coloured with regard to the orientations of the deformation zones, where G means gently 
dipping. The steeply dipping zones are denoted by their strike direction. (Source: Figure 5-3 in /Follin 2008/.)

Figure 5‑6. Transmissivities of connected open fractures detected with the PFL method in boreholes 
KFM01A, -01D, -02A, -04A to -08A, -08C and -08D outside deformation zones within the target area 
(fracture domains FFM01–02 and -06). (Modified after Figure 5-12 in /Follin 2008/.)
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Table 5‑2 lists the 46 cored boreholes drilled within the Local model area, see Figure 5‑7. The bore-
holes were investigated with the Posiva Flow Log (PLF) method and the Pipe String System (PSS) 
method. The hydraulic data acquired from the tests were used to parameterise the deterministically 
defined deformation zones (HCD) and the fracture networks contained in the rock mass volumes 
(HRD) in between the deformation zones.

At Laxemar, the HRDs are defined based on the spatial variability in the measured hydraulic proper-
ties, mainly the hydraulic conductivity, see /Rhén et al. 2008/ for details. Figure 5‑8 and Figure 5‑9 
shows the key HRDs (HRD_N, HRD_EW007, HRD_C, and HRD_W) within the Local model area. 
The N-S cross-section indicated in Figure 5‑9 is shown in Figure 5‑10. The focus area covers HRD_C 
(north of deformation zone ZSMNW042A), HRD_W (south of deformation zone ZSMEW007C) and 
the southern part of HRD_EW007.
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Figure 5‑7. Map showing the 46 core-drilled boreholes and the 43 percussion-drilled boreholes within the 
Laxemar local model area. The figure also shows boreholes within the Simpevarp model area. (Modified 
after Figure A1-1 and Figure A1-2 in /Rhén and Hartley 2009/.)
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Table 5-2. List of the cored boreholes at Laxemar tested with the PFL and PSS methods.  
(Based on Appendix 1 in /Rhén and Hartley 2009/.)

Borehole PFL PSS Bottom elevation 
of borehole (m)

Borehole PFL PSS Bottom elevation 
of borehole (m)

KLX01 X1 –1,059 KLX11B–F X X2 Above –82
KLX02 X1 X –1,669 KLX12A X X –560
KLX03 X X –950 KLX13A X X –565
KLX04 X X –962 KLX14A X X2 –112
KLX05 X X –879 KLX15A X X –740
KLX06 X X –788 KLX16A X X –371
KLX07A X X –629 KLX17A X X –569
KLX07B X X2 –181 KLX18A X X –581
KLX08 X X –826 KLX19A X X –649
KLX09 X X –844 KLX20A X X –311
KLX09B–G X X2 Above –110 KLX21B X X –789
KLX10 X X –971 KLX22A,B–KLX26A,B X X2 Above –71
KLX10B,C X X2 Above –107 KLX27A X X –565
KLX11A X X –909 KLX28A–KLX29A X X2 Above –59

1 Measurements before the site investigations for SDM-Site Laxemar. 
2 Only pumping tests with long test section, generally entire borehole.

Figure 5‑8. Illustration of the SDM-Site Laxemar Hydraulic Rock mass Domain Model. (Source: 
Figure 5-4 in /Rhén and Hartley 2009/.)
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Figure 5‑11 shows examples of PFL fracture transmissivity data from four core-drilled boreholes 
KLX05, KLX08A, KLX11A and KLX15A. As can be seen in the plots, the conductive fracture 
frequency is generally higher above –200 m than below this elevation. However, there is a pertinent 
variation in the conductive fracture frequency with depth suggesting local heterogeneities within 
each HRD below –200 m. The decrease in fracture transmissivity is not as significant as the decrease 
in fracture frequency, although the highest transmissivity values are for most parts observed 
above –200 m. Among the four HRDs, the frequency of conductive fractures is the highest in 
HRD_EW007. This will be commented more in the text below. 

Deformation zones modelled deterministically, elevation c. 0 to –1,000 m
The deduced transmissivities of the deterministically modelled deformation zones are shown in 
Figure 5‑12. As can be seen in the figure, the variability in transmissivity is large but considering 
mean values for the shown depth zones, the transmissivity decreases with depth. There is a tendency 
for the transmissivity to be positively correlated with the interpreted lineament length of the HCD 
and also that the steeply dipping HCDs with a E-W strike are slightly more transmissive than HCDs 
of other orientations, see /Rhén et al. 2008/ for details.

Figure 5‑9. Illustration of the SDM-Site Laxemar Hydraulic Rock Domain Model, 3D perspective view 
looking westward. (Source: Figure 5-6 in /Rhén and Hartley 2009/.)

Figure 5‑10. N-S cross-section through the local model volume showing the formation of fracture domains 
and deterministically modelled deformation zones, cf. Figure 5‑8. The length of the section is approxi‑
mately 4,300 m. (Source: Figure 11-18 in /SKB 2009a/.)
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Figure 5‑11. Fracture transmissivity data in the cored boreholes KLX05, KLX08A, KLX11A and KLX15 
acquired with the PFL method. The data are coloured with regard to their structural classification and 
the blue lines indicate the typical threshold value reported from the investigations in the Forsmark area, 
1×10–9 m2/s. The lengths of the blue lines correspond to the depths investigated with the PFL method. 
(Source: Two of figures from Figure 11-14 in SKB 2009a/.)



TR-10-54	 45

Fractured bedrock between the deterministically modelled deformation zones, 
elevation c. 0 to –1,000 m
Figure 5‑13 shows hydraulic conductivity data by elevation acquired within the local model area 
with the PSS method using a packer spacing (test scale) of 100 m. The data represent the rock mass 
volumes between the deterministically modelled deformation zones. As seen in the plot, there is a 
significant variability in the hydraulic conductivity within each depth zone. The variability supports 
the irregular decrease with depth in the frequency and the transmissivity of flowing fractures shown 
in Figure 5‑11. 

5.3.3	 Site comparison – data
In this section, data from the target area at Forsmark and in the focused area at Laxemar are com-
pared. The comparison is centred on the observations made at repository depth, i.e. –400 to –700 m.

The hydraulic conductivity estimated from measurements conducted with the PSS method (K_PSS) 
and the conductive fracture frequency estimated from measurements using the PFL method (PFL 
P10,corr) are quantities that are often used to describe the permeability of the rock mass volumes 
between the deterministically modelled deformation zones. The two quantities are also used in 
groundwater flow modelling. 
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Figure 5‑12. Deformation zone transmissivity (T) versus depth taking the strike and lineament length of the 
zones into account. Data represent the regional model domain. (Source: Figure 5-3 in /Rhén and Hartley 2009/.)
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Figure 5‑13. Hydraulic conductivity (K) data by elevation acquired within the local model area with the 
PSS method using a packer spacing (test scale) of 100 m. The test sections are positioned between the 
deterministically modelled deformation zones. Three statistics are shown for each depth zone: the geometric 
mean of all values of K (mean of log10(K)), the 95% confidence limits for the mean of log10(K), and the ±1 
standard deviation of log10(K). (Modified after Figure 5-11 in /Rhén and Hartley 2009/.)

Figure 5‑14 shows a cumulative probability plot of all log10(K_PSS) data measured with a packer 
spacing (test scale) 3 of 20 m in the depth interval, based on the data presented in /Selroos and Follin 
2010, Figure 2-7/ and /Rhén et al. 2008/ for the two respective sites. There is a clear difference 
between the two distributions a large proportion of the Forsmark sample is much less conductive 
compared with Laxemar. Excluding data for the most conductive HRD at Laxemar, HRD_EW007, 
does not change this conclusion.

Table 5‑3 shows average values of the conductive fracture frequencies (PFL P10,corr) at potential 
repository depths within the target/focus volumes. The key part of the rock mass volume in the 
target area at Forsmark, FFM01 and FFM06, has a very low average conductive fracture frequency. 
The rock mass volume south of the target area, FFM03, also has a low average conductive fracture 
frequency, but higher than in FFM01 and FFM06. The average conductive fracture frequencies in 
HRD_C and HRD_W at Laxemar resemble that of FFM03 at Forsmark, whereas the conductive 
fracture frequency in HRD_EW007 is much greater.

3 A telescopic approach is used for the single-hole hydraulic testing with the PSS method at Laxemar and 
Forsmark. Each borehole is measured with consecutive 100-m long, 20-m long and 5-m long packer intervals 
beginning with the longest packer interval. However, non-flowing 100-m long packer intervals are not studied 
with 20-m long packer intervals, etc. To display a cumulative plot of all 20m sections a uniform distribution of 
transmissivity (T) is assumed in each low-transmissive 100 m section and the corresponding five unmeasured 
20m sections are a assigned a hydraulic conductivity (K) as follows; K(20m) = T(100m)/100 m. 
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Table 5‑3. Average values of the frequency of flowing fractures detected with the PFL method 
(PFL P10,corr) in the rock mass volumes between deterministically modelled deformation zones. 
(Modified after Table 5-3 in /Follin 2008/ and Table 5-2 in /Rhén and Hartley 2009/.)

Site Domain Depth zone (m) PFL P10,corr (m–1) Min T (m2/s) Max T (m2/s)

Forsmark FFM01 and -FFM06 –400 to –1,000 < 0.01 6.2·10–10 8.9·10–8

Laxemar HRD_EW007 –400 to –650 0.23 7.9·10–10 1.8·10–06

Laxemar HRD_W –400 to –650 0.06 6.7·10–10 9.2·10–06

Laxemar HRD_C –400 to –650 0.11 3.3·10–10 1.1·10–06

5.3.4	 Non flow related transport characteristics
Migration through the fractures in the rock depends not only on the groundwater flow and its 
geometrical distribution, but also on the properties of the rock matrix surrounding the flow paths. 
Regarding the rock matrix characteristics Laxemar exhibits slightly more favourable conditions than 
Forsmark /Crawford 2008, Crawford and Sidborn 2008/. The site specific non-flow related transport 
properties are incorporated in the analysis of radionuclide transport presented in Chapter 10.
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Figure 5‑14. Cumulative distribution plot of all log10(K_PSS) data measured with a packer spacing (test 
scale) of 20 m between elevations –400 m to –700 m within the target area at Forsmark and the focus area 
at Laxemar. Values lower than –10.4 are uncertain as they lie below the robust lower measurement limit 
for the PSS equipment, but the percent of tested sections below this limit (i.e. about 90% at Forsmark and 
about 50% at Laxemar) is well established.
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5.4	 Model results for different time periods
5.4.1	 Modelling methodology
The modelling methodology adopted in SR-Site and applied for the Forsmark site is described in 
detail in /Selroos and Follin 2010/. All results for Forsmark presented below originate from the 
SR-Site modelling. The same modelling methodology is adopted for the Laxemar site. 

Three different modelling periods are included in the assessment. These are, with the appropriate refer-
ences to the supporting model reports, given below for the Forsmark and Laxemar sites, respectively:

•	 The excavation and operation phase /Svensson and Follin 2010, Svensson and Rhén 2011/.

•	 The initial period of temperate climate after closure /Joyce et al. 2010, 2011/.

•	 The remaining part of the reference glacial cycle /Vidstrand et al. 2010, 2011/.

Each model representation is based on the site-descriptive models presented in /Follin 2008/ and 
/Rhén and Hartley 2009/, for Forsmark and Laxemar, respectively. Detailed information about the 
model setup is described in the individual model reports. In general, a hydrogeological base case 
model including a hydrogeological discrete fracture network (Hydro-DFN) model is developed 
within the temperate phase modelling, and is exported to the two other model applications of the 
other periods. Thus, the most elaborate descriptions of the developed hydrogeological base cases, 
and their relation to the underlying SDM-Site models, are provided in /Joyce et al. 2010, 2011/. For 
Laxemar, an elaborated hydrogeological discrete fracture network has been developed relative to 
SDM-Site for reasons discussed in /Joyce et al. 2011/. This model is fully propagated to the excava-
tion and operation phase model, and to the glacial period model for relevant parts of the analyses.

Figure 5‑15. The three model scales treated in SR-Site exemplified for the Forsmark site. These are the 
super-regional, regional and site/repository scales. The rectangle corresponds to the model domain on a 
super-regional scale, the large polygon in the centre corresponds to the model domain on a regional scale, 
whereas the small polygon inside the large polygon shows the location of the investigated candidate area. 
The repository scale model domain is located in the north-western part of the small polygon.
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It is also noted that the groundwater flow modelling in SR-Site is carried out on several scales, see 
Figure 5‑15. The periglacial and glacial flow modelling is conducted on a super-regional scale (on 
the order of 10 km dimensions), but with enhanced resolution in the centre part. The temperate flow 
modelling is conducted on three scales; regional, site and repository, and uses a mixture of flow 
concepts, continuum, equivalent continuum and discrete. For instance, the regional scale modelling 
is identical in size and flow concept to that used in the SDM-Site modelling, whereas the repository 
scale modelling (on the order of 1 km dimension) utilises solely the discrete fracture network 
approach. The excavation and operation phase modelling is conducted on a regional scale, but have 
increased resolution around the repository tunnels and deposition holes.

As already mentioned, different flow concepts are used, i.e. both continuous porous medium and 
equivalent continuous porous medium (CPM/ECPM) models as well as discrete fracture network 
representations are used. All CPM/ECPM models applied for the different time periods above solve 
density driven flow including matrix diffusion of salt in sparsely fractured rock. The ECPM models 
are based on up-scaling of underlying discrete fracture network models. Discrete model representa-
tions are used within the temperate modelling at site and repository scale. 

In the repository scale model, the individual deposition holes are resolved, and three different release 
paths are studied. These are for a fracture intersecting a deposition hole (the Q1 release path), a 
potential excavation damaged zone (the Q2 release path), and a path through the backfilled tunnel 
and into a fracture intersecting the deposition tunnel (the Q3 release path). 

A variety of results are available from the different studies. Below, a subset of results of safety 
relevance as listed in Section 5.2, are given. All results are presented in a comparative mode, i.e. 
results for both sites are presented together. 

5.4.2	 Site comparison – modelling
Excavation and operation phases 
During the excavation and operation phase, the tunnels are open and kept at atmospheric pressure. 
Hence, an inflow to the repository will occur. The total inflow to the repository at the sites is 
presented in Table 5‑4 below for both grouted and ungrouted cases. The calculations are based on a 
fully open repository; i.e. all tunnels are open at the same time. This should be a conservative case 
in terms of total inflow. The grouting case is based on an assumed grouting efficiency, or threshold 
value, of K=1·10–8 m/s, i.e. all cells in the model in contact with a tunnel or deposition hole with a 
value higher than the threshold are lowered to the threshold value K=1·10–8 m/s. 

It is observed that the total inflow for ungrouted conditions to the Laxemar repository is more than 
five times larger than that to the repository at Forsmark. Also, it is observed that while the grouting 
reduces the inflows by approximately a factor of four in Forsmark, the corresponding number for 
Laxemar is smaller than two. 

Table 5-5. Inflow (L/min/100 m tunnel) to deposition holes and tunnels.

Site Case
Grouted Ungrouted

Laxemar 21.6 33.0
Forsmark 1.6 1.9

Table 5-4. Total inflow (L/s) to a repository at Forsmark and at Laxemar.

Site Case
Grouted Ungrouted

Laxemar 420 793
Forsmark 31.2 133.7
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Since the repository at Laxemar, in terms of tunnel length, is larger than in Forsmark it is of interest 
to also analyse a normalised inflow. This analysis is based on inflow into deposition tunnels and 
deposition holes only. The total deposition tunnel length in the model is 54,157 m in Forsmark, 
and 89,331 m in Laxemar. The results are presented in Table 5‑5 below. Here, total inflow to the 
deposition tunnels and deposition holes is expressed as total inflow rate per minute and 100 m 
of tunnel (for both grouted case and ungrouted cases). It is observed that the effect of grouting is 
reduced when the normalised inflow is studied, specifically for Forsmark. This is due to the fact that 
at Forsmark, the largest inflows are in the ramp and shaft in the upper part of the repository (inflow 
from the sheet joints). Here, grouting is more effective than in the deposition tunnels where inflows 
are low also without grouting.

In Table 5‑6, the number of potential deposition holes that have an inflow larger than 0.1 L/min are 
presented for both grouted and ungrouted conditions. It is clear that the number of holes is much 
smaller in Forsmark than in Laxemar. It is noted that grouting slightly increases the number of depo-
sition holes with an inflow larger than 0.1 L/min. This is due to the fact that groundwater pressure 
increase when the larger fractures have been grouted. 

In Figure 5‑16 below, the cumulative density functions for inflow to deposition holes are shown for 
the ungrouted case. The different shapes of the distributions are noted; for Forsmark, approximately 
90% of the deposition holes have inflows below 0.01 L/min, whereas for Laxemar the distributions 
are much less steep. 

Table 5-6. Number of deposition holes with a simulated inflow larger than 0.1 L/min. 

Site Case

Grouted Ungrouted

Laxemar (8,038*) 5,113 4,211
Forsmark (6,916) 154 142

* In the CAD delivery used, 10 extra deposition positions exist relative to the correct layout.

Figure 5‑16. CDF of inflow to deposition holes connected to a water conductive fracture – ungrouted case. 
Black colour is for Forsmark and blue is for Laxemar. 
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Figure 5‑17. Cumulative distribution functions of Darcy flux in deposition holes (Q1 release path) for 
the particles successfully reaching the model top boundary, for releases at 2000 AD from the Forsmark 
hydrogeological base case (blue) and the Laxemar Elaborated SR-Site Hydro-DFN (red). At Forsmark 
only 24% of the deposition holes have such release paths directly from the deposition holes whereas the 
corresponding figure at Laxemar is 60%.

Table 5‑7. Comparison of deposition hole statistics for Forsmark and Laxemar hydrogeological 
base cases at 2000 AD.

Forsmark Laxemar

Total number of deposition holes 6,916 8,031
Number of deposition holes intersected by at least one fracture 2,762 (39.9%) 5,668 (70.6%)
Number of deposition holes intersected by at least one fracture with a flow > 10–6 m/y 2,008 (29.0%) 5,642 (70.3%)

Temperate period
During the temperate period, the repository is backfilled and water saturated. Hence, the repository 
structures will be part of the connected system where flow and transport can occur.

The number of deposition holes intersected by at least one fracture, and the number of deposition holes 
with an initial Darcy flux above a threshold value 10–6 m/y representing the smallest value that can be 
numerically resolved, see /Joyce et al. 2010/ for details), are presented in Table 5‑7. For Forsmark it is 
observed that roughly 40% of depositions holes are connected to the network, but only roughly 30% 
of holes have a flow (expressed as Darcy flux) that is high enough to be numerically resolved. For 
Laxemar, roughly 70% of deposition holes are connected, and essentially all of these holes have a Darcy 
flux above the threshold value. It should be noted that these simulated inflows are consistent, and if 
anything higher, then the inflows estimated without numerical simulation, which were used when devel-
oping the design for the two sites /SKB 2009d/ and /SKB 2009b/ respectively, see further Chapter 2.

Figure 5‑17 shows the cumulative distribution function of the Darcy flux q at deposition holes for all 
deposition hole positions with a flow path to the top surface of the model. (Such release paths are called 
Q1 release paths, see above at the end of Section 5.4.1). There is a consistency with lower Darcy fluxes 
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for all release paths, i.e. also for Q2 starting in a potential EDZ intersecting the depostion hole and for 
Q3 starting in a fracture intersecting the deposition tunnel, at Forsmark than at Laxemar. The largest 
difference is seen for the Q1 release path, i.e. the fracture intersecting a deposition hole. Here, the Darcy 
fluxes at Forsmark are smaller than at Laxemar by approximately two orders of magnitude. 

The cumulative distribution functions of the flow-related transport resistance are shown in Figure 5‑18 
for the Q1 release path. The flow-related transport resistance is an entity integrated along flow paths 
from repository depth to the surface and is a measure of how much retention of transported solutes 
can occur along the flow path (the retention is controlled by the flow-related transport resistance and 
a group of nuclide specific parameters describing diffusion and sorption in the matrix). A larger value 
implies more retention.

For the flow-related transport resistance, Forsmark displays larger values than Laxemar for all three 
release paths. The values at Forsmark are slightly more than one order of magnitude larger than at 
Laxemar (for all release paths). The reason the difference is smaller between the different release 
paths for the flow-related transport resistance relative to the Darcy flux is that the flow-related trans-
port resistance is integrated along flow paths, and hence an averaging takes place (i.e. a summation 
is made where the order of summed elements does not matter). 

Glacial period
The primary driving force for groundwater flow at repository depth during periods of periglacial 
(permafrost) and glacial climate conditions is the difference in residual hydraulic pressure below 
the ice sheet and in front of the ice-sheet margin. The expected effects of this gradient are assessed 
by numerical flow modelling. The results of this modelling with relevance for long-term safety are 
related to the groundwater chemistry, the performance measures of groundwater flow at repository 
depth, and the flow-related transport parameters. 
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Figure 5‑18. Cumulative distribution functions of flow-related transport resistance for the particles 
successfully reaching the model top boundary in the Q1 path, for releases at 2000 AD from the Forsmark 
hydrogeological base case (blue) and the Laxemar Elaborated SR-Site Hydro-DFN (red). Furthermore, 
at Forsmark only 24% of the deposition holes have such release paths directly from the deposition holes 
whereas the corresponding figure at Laxemar is 60%.
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Cumulative Distribution Function of q for ice front location II
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Figure 5‑19. CDF plot showing the Darcy flux at the deposition hole positions at Forsmark (6,916) and 
Laxemar (8,031) for ice front location II during the advance of an ice sheet without permafrost in the 
periglacial area in front of the ice sheet.

Below, modelling results are reported for the case with an advancing ice-sheet margin without permafrost 
in the periglacial area in front of the ice sheet. The three figures shown represents a situation when the 
ice-sheet margin is right above the repository, a location referred to as ice-front location II in the works 
of /Vidstrand et al. 2010, 2011/. The total number of deposition holes in these simulations is 6,916 at 
Forsmark and 8,031 at Laxemar.

Figure 5‑19 shows a normalised cumulative density function (CDF) plot of the simulated Darcy flux 
q at the deposition hole positions for ice-front location II. The CDF for Forsmark is steeper and the 
magnitudes are approximately two orders of magnitude lower for the median compared with the 
CDF for Laxemar. 

Figure 5‑20 and Figure 5‑21 show the fracture water salinity fields. The simulated disturbances 
caused by the glacial meltwater recharge is greater at Laxemar than at Forsmark.
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Figure 5‑21. Map showing the salinity at repository depth in Laxemar when the ice-sheet margin is at 
ice-front location II.

Figure 5‑20. Map showing the salinity at repository depth in Forsmark when the ice-sheet margin is at 
ice-front location II.



TR-10-54	 55

5.5	 Conclusions
In this chapter, the Forsmark and Laxemar sites are compared both in terms of data emanating from 
the site characterisation and the SDM-Site modelling (Section 5.3) and in terms of modelling results 
related to the phase of repository operation and to long-term safety (Section 5.4). Below the main 
findings are summarised.

•	 Both sites exhibit depth trends with regard to transmissivity of the deterministically modelled 
deformation zones. Although the lateral variability in transmissivity is quite large at both sites, 
the depth trend is more profound at Forsmark, where very few conducting fractures are found 
below –400 m elevation. At Laxemar, the average conductive fracture frequency is greater at 
repository depth and there is also a considerable spatial variability between different parts of 
considered rock mass volumes. When hydraulic characteristics at repository depth are compared 
in detail, it is found that Forsmark has a much lower average conductive fracture frequency 
(less than 0.01 m–1 compared to 0.06 m–1 to 0.23 m–1 at Laxemar). Also, the resulting hydraulic 
conductivity distributions estimated from hydraulic testing (PSS tests) indicate that Laxemar 
has a higher geometric mean and a larger spread in values with the high end tail showing values 
approximately two orders of magnitude higher than at Forsmark. 

•	 During the construction and operation phases, the calculated inflow at Laxemar is more than ten 
times larger than at Forsmark assuming a realistic grouting efficiency. This is the case both when 
total inflows are considered, and when inflow normalised per unit tunnel length is considered. 

•	 The number of deposition holes with an inflow larger than 0.1 L/min during the excavation 
and operation phases, assuming a realistic grouting efficiency, is more than 30 times larger at 
Laxemar than at Forsmark.

•	 In the temperate period simulations, the Darcy flux at the deposition hole locations (for fractures 
intersecting deposition holes) is approximately two orders of magnitude larger at Laxemar than 
at Forsmark. When the flow-related transport resistance is considered, the values are higher at 
Forsmark than at Laxemar by approximately one and a half orders of magnitude. Thus, both 
performance measures are more favourable at Forsmark than at Laxemar.

•	 In the glacial period simulations of an ice sheet in close proximity to the repository, the 
relative difference in Darcy flux at the deposition hole positions is approximately two orders 
of magnitude, with higher fluxes for Laxemar. The absolute values for both sites are higher by 
approximately one order of magnitude than the temperate period results.

•	 In the glacial period simulations, the disturbance to the salinity field is more pronounced at 
Laxemar than at Forsmark. 

In conclusion, all hydrogeological measures and entities considered in this comparison are in favour 
of Forsmark. Regarding the rock matrix characteristics Laxemar exhibits slightly more favourable 
conditions than Forsmark. The site specific flow related and non-flow related transport properties are 
incorporated in the analysis of radionuclide transport presented in Chapter 10.
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6	 Chemical conditions and their evolution

6.1	 Introduction
Chemical conditions affect the performance of a repository in a number of ways. Groundwater 
chemical compositions are needed to calculate the chemical evolution and physical stability of 
bentonite, the corrosion of canisters and the transport of radionuclides. In addition, the geochemical 
and mineralogical properties of the rocks and fracture-filling minerals will affect the transport of 
radionuclides and the penetration depth of dissolved oxygen in glacial meltwaters.

Groundwater compositions are mainly affected by ion-exchange, dissolution-precipitation reactions 
and microbial processes. The compositions are also affected by groundwater flow and mixing, which 
in turn is affected by changes in topography, climatic conditions, and sea level changes (shoreline 
displacements). It is therefore clear that a comparative analysis of the chemical conditions of the 
sites must include possible evolutions of such conditions with time over a glacial cycle.

Bentonite erosion has to be modelled for deposition holes where flowing groundwaters have low 
salinities for a given time period. Recent studies show that the important parameter is the charge 
concentration of groundwater cations, i.e. Σq[Mq+]. In SR-Site it is considered that bentonite colloid 
stability is suppressed when the safety function indicator criteria is Σq[Mq+] > 4 mM, see Figure 1‑1. 
An examination of the groundwater compositions at the studied sites indicates that this criterion 
corresponds to salinities >0.27 g/L (>0.027 mass %).

The modelling of the chemical evolution of the bentonite in the buffer and backfill requires groundwater 
compositions and other variables as mentioned above. Important chemical parameters are the concentra-
tions of Ca2+, Mg2+, Na+, K+, Fe, Cl–, SO4

2–, HCO3
–, SiO2(aq) and pH and Eh for groundwaters surround-

ing the repository.

In the case of a failed canister, the release of radionuclides to surrounding groundwaters can be limited 
by solubility if an insoluble solid phase is formed. Radionuclide concentration limits are calculated 
using a set of selected solid phases and equilibrium speciation calculations for a distribution of 
groundwater compositions.

To model the transport of radionuclides in the geosphere and in the buffer and backfill, Kd values 
(distribution coefficients) must be selected according to the groundwater salinities, carbonate con-
centrations, pH and redox potentials. Colloid facilitated transport of radionuclides in the geosphere 
requires information on the colloid concentrations and their sorption properties.

Two important parameters when modelling copper corrosion are the concentrations of either sulphide 
or oxygen. These corrodants either diffuse through the bentonite buffer towards the canister or, in 
the case of deposition boreholes where bentonite erosion has taken place, they are transported by the 
groundwater flow. 

6.2	 Safety relevance
The conclusions from the SR-Site assessment, see SR-Site main report, Chapter 15, is that the 
process of largest negative influence for the safety of the repository is the erosion of bentonite, 
caused by groundwaters of very low salinity, combined with canister corrosion caused by the 
groundwater contents of sulphide. Copper corrosion by oxygenated groundwaters is a process that 
could have an even larger impact, especially in deposition holes affected by erosion of bentonite, 
but only if oxygenated waters would reach the deposition holes. Hence, of the various groundwater 
chemical parameters, salinity, sulphide and oxygen contents appear to be the crucial ones from a site 
comparative point of view.
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Salinity is mainly determined by the Ca2+ and Na+ concentrations in groundwaters occurring at 
Laxemar and Forsmark, as sulphide contents will be also dependent on the groundwater character-
istics. On the other hand, the extent of oxygen intrusion will be dependent on the redox buffering 
capacity of the Laxemar and Forsmark bedrock/groundwater systems in the long-term perspective.

When establishing the chemical conditions in the bedrock only relatively few points for a relatively 
low number of boreholes can be sampled from any site and therefore data uncertainty and variability 
as well as model confidence are important points to consider. 

6.3	 Site data and model results for Forsmark and Laxemar
6.3.1	 Salinity, Ca2+ and Na+ under temperate, periglacial and glacial periods
Present temperate conditions
Figure 6‑1 shows determined Ca2+ and Na+ concentrations as a function of depth for both Laxemar 
and Forsmark. The data indicate that Forsmark groundwaters have a larger Ca2+ and Na+ contents 
at depths lower than –200 m. Furthermore, the Ca2+ concentrations are higher than the 2 mM safety 
limit for most Forsmark groundwaters while for Laxemar this is not the case. Hence, in present 
temperate conditions the potential for bentonite erosion is larger in Laxemar than in Forsmark. 

In Forsmark there is a clear indication of groundwaters originating from the Littorina sea, especially 
in the fracture domain FFM03 or “hanging wall”. The location of the different fracture domains is 
shown in Figure 5‑2 and Figure 5‑3. In Laxemar the Mg concentrations and the Cl/Br ratios indicate 
only a limited proportion of groundwaters of Littorina origin. This agrees with the maximum extent 
of the Littorina Sea, which was less at Laxemar than at Forsmark, see /SKB 2008a, Section 3.2 and 
SKB 2009a , Section 3.2/.

The analyses of the matrix porewaters in a few boreholes at each site show diffusional equilibrium 
with the fracture groundwaters in the more fractured volumes of rock. Rock matrix diffusion is a 
process that has therefore been confirmed at both sites. It may be noted that in Forsmark the matrix 
porewaters are generally more diluted than the fracture waters, especially in volumes of sparsely 
fractured rock. The number of data is however too limited to provide an explanation for this fact.

Figure 6‑1. Distribution of sodium and calcium concentrations in the groundwaters at Forsmark and 
Laxemar with respect to depth. The diagrams show that at Laxemar there are a few quite dilute groundwa‑
ters below 300 m depth, indicating that the risk for bentonite erosion during long-lasting temperate periods 
is larger at Laxemar. Data from /Laaksoharju et al. 2008, 2009/, categories 1–3. (See e.g. /SKB 2008a, 
Table 9-3/ for an explanation of the categories).
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During the first temperate period after repository closure, the sites are expected to undergo a contin-
ued infiltration of meteoric waters, and this will be accentuated by the larger topographic gradient as 
the Baltic Sea shore moves away from the sites4 due to the geostatic uplift discussed in Section 3.2.1. 
The increased proportion of groundwaters of meteoric origin will result in decreased overall 
groundwater salinity, and this is seen in the outcome of the hydrogeological calculations described 
above in Section 5.4.2. The hydrogeological results are coupled with geochemical modelling, result-
ing in a calculated evolution of groundwater compositions for each site. Details on the geochemical 
modelling and its results are given in /Salas et al. 2010/ for the Forsmark site and in /Gimeno et al. 
2010/ for the Laxemar site. Examples of this calculated evolution are shown in Figure 6‑3 and 
Figure 6‑4, where it may be seen that the dilution effect by the infiltration of meteoric waters down 
to repository depth is potentially larger at Laxemar. This is in agreement with the outcome of the 
comparative hydrogeological analysis of the two sites which indicates up to two orders of magnitude 
larger meteoric water inflow in Laxemar compared to Forsmark.

4 Unless there is a larger and more rapid contribution from the West Antarctic ice sheet and from thermal 
expansion of the oceans than has been taken into account.

Figure 6‑2. Chloride concentrations in groundwaters at Forsmark and Laxemar as a function of depth. 
Data with categories 1–3 are shown /Laaksoharju et al. 2008, 2009/.

Figure 6‑3. The calculated evolution of the ionic strength during the first temperate period after the 
closure of hypothetical repositories at Forsmark (left) and Laxemar(right). The figures display box and 
whisker plots for the repository target rock volumes /Salas et al. 2010, Gimeno et al. 2010/.



60	 TR-10-54

Figure 6‑4. The calculated evolution of the groundwater calcium concentrations during the first temperate 
period after the closure of hypothetical repositories at Forsmark (left) and Laxemar (right). The figures display 
box and whisker plots for the repository target rock volumes. From /Salas et al. 2010, Gimeno et al. 2010/.

The consequence of infiltrating meteoric waters will be larger when considering the climatic alterna-
tive Global warming case presented in Section 3.2.1.

A conclusion from the present-day data at both sites and from the modelling results for the first temper-
ate period after repository closure is that at Laxemar there is a larger potential for bentonite erosion.

Periglacial periods
Permafrost could affect the salinity of groundwaters through out-freezing of salts. Both the vertical 
extent of frozen ground and the initial salinity of the groundwaters will determine the magnitude of 
out-freeze effect At Forsmark, in the fracture domains FFM01 and FFM06, the salinity profile shows 
higher salinities than at Laxemar at any depth down to about 800 m, and the expected depth of 
permafrost is also generally larger, see Sections 3.3 and 3.4. Both factors suggest higher potential for 
a saline out-freezing of salts at Forsmark.

The effect of out-freezing of salts in Forsmark is evaluated in the two-dimensional modelling presented 
in Sections 3.3 and 3.4. The model results are described in /Hartikainen et al. 2010/ and show that when 
freezing is extensive, down to some hundreds of metres depth, a front of moderately higher salinity is 
developed. Also pockets of groundwater with high salinity may develop in the frozen rock when the 
freezing front advances faster than the transport of salt.

It must be noted that the displacement of the Baltic shoreline away from the repository area will induce 
increased penetration of meteoric waters and a general dilution of the groundwaters at both sites, exclud-
ing the parts of the target repository volume in Forsmark lacking transmissive fractures. Therefore, the 
effect of out-freezing of salts during a future permafrost period is not expected to be able to create as 
much increased salinity as it would if permafrost was to start today with the present day salinity-depth 
distribution of the groundwaters.

Essentially the out-freezing of salts due to permafrost is not expected to affect the performance of 
the repository, because the salinity levels that can be obtained through this process at repository level 
in both sites are not higher than ≈17.5% (3 M), which is the salinity that would be necessary to affect 
negatively the swelling capacity of the backfill in the repository tunnels.

Glacial periods
Figure 6‑5 shows two diagrams with the calculated proportions of glacial waters in the present day 
groundwaters /Laaksoharju et al. 2008, 2009/. In both sites there is evidence for infiltration in the 
past of cold surface waters. This is based mostly on the δ18O values and it is supported by other 
isotope data such as those for 36Cl and 14C. These data have been used on a multi-variate statistical 
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analysis of the groundwater data using the M3 code /Laaksoharju et al. 1999 and Gómez et al. 2009/, 
which provides a depth distribution of the glacial influence.

Hence, there is good evidence for infiltration of cold surface waters in the past. In the case of 
Laxemar the data indicate that these waters were introduced during the last glaciation, although 
the glacial waters at depths around 1 km could originate from earlier glacial periods. In the case of 
the target repository rock volume at Forsmark, the few available data indicate that the cold water 
component is in general older than the last glaciation. These waters could be either meltwaters or 
meteoric, although an infiltration of meltwaters during the last glaciation can not be ruled out.

The evidence for glacial meltwater intrusion is in general agreement with groundwater data from 
other sites in Fennoscandia and Canada. In addition, this is also in agreement with the outcome 
of several models of the infiltration of glacial meltwaters under an inland ice sheet. As explained 
in Section 5.4.2 the model for the infiltration of glacial meltwaters in Forsmark is reported in 
/Vidstrand et al. 2010/ and for Laxemar in /Vidstrand et al. 2011/. Typical results are shown in 
Figure 5‑20 and Figure 5‑21 respectively. It should be noted however that there is a substantial 
uncertainty in the hydrogeological models for the glacial period, especially at Laxemar /Vidstrand 
et al. 2011/, and a higher weight must be put on the indications from present day groundwaters. 
The hydrogeological model results suggest nevertheless a deeper and more intense penetration at 
Laxemar of glacial meltwaters close to the advancing ice margin, see for example Figure 5‑19. 

In Forsmark, the groundwater data shows that the infiltration of cold waters is, in general, older than 
the last glaciation, as indicated above, and the rock volume occupied by the projected repository 
has quite low hydraulic permeability, and therefore it could be that the dilution effect by glacial 
meltwaters is less pronounced. If so, then the groundwater salinities at the target repository rock 
volume in Forsmark could remain at the present levels over the whole of the next glacial cycles, and 
this would be beneficial in preventing bentonite erosion. At Laxemar as a whole, and in the fracture 
zones at Forsmark, a substantial infiltration of dilute meltwaters is to be expected.

6.3.2	 Sulphide and related processes (microbial) and variables
Present temperate conditions
During the interpretation of the results, some degree of uncertainty has developed concerning of 
the sulphide concentrations from Laxemar and Forsmark. Monitoring sampling, that followed the 
site characterisation, indicated sulphide concentrations that were much higher at several borehole 
sections. Experimental data at the Microbe site at Äspö also indicated that sulphide levels increased 
when an experimental setup was not being sampled, see /Hallbeck and Pedersen 2008c, Figure 5/. 

Figure 6‑5. Mixing proportions of the glacial water at Forsmark (left) and at Laxemar (right) as calculated 
using the present-day groundwater data /Laaksoharju et al. 2008, 2009/. In the plot for Forsmark a distinction 
is made for the data from the “foot wall”, fracture domain FFM01, where the candidate repository is located. 
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These discrepancies in data stimulated the start of an Äspö project to investigate the processes, 
mainly microbial, taking place during sampling and periods of inactivity of cored boreholes from the 
ground surface and in the Äspö tunnel. Preliminary results from this study suggest that in some bore-
holes, but not all, substantial microbial sulphate reduction takes place when the borehole is not being 
sampled at the isolated borehole section, in the tubings and in the stand pipe in the casing at the top 
of the borehole. The reason for this increased microbial activity has not yet been fully established. 
Although there are larger amounts of tubing and plastic parts within the isolated borehole sections in 
the monitoring campaign, as compared with the equipment used in the complete chemical characteri-
sation (CCC) following borehole drilling, these increased amounts of foreign materials are similar 
for all the monitoring sections, while the intensity in microbial activity varies between sections.

From the preliminary results from the Äspö project, it appears that when enough deep groundwater 
is allowed to completely flush the borehole section and monitoring equipment, the samples collected 
have lower sulphide and higher iron(II) concentrations. This observation is supported by the more 
limited groundwater time series collected during the monitoring at the Forsmark and Laxemar sites, 
and this has been taken into account when evaluating the sulphide data obtained during the monitor-
ing campaigns.

In order to avoid bias when comparing the sulphide data from the two sites, due to the fact that some 
borehole sections have a larger number of samples analysed, etc, a single sulphide value is selected 
for each investigated borehole section, with a few exceptions. The available sulphide data and the 
selection of values representative of the concentration in the groundwaters are discussed in /Tullborg 
et al. 2010a, b/. The selected 51 samples in Laxemar and 46 in Forsmark are presented in Figure 6‑6. 
It may be seen that given the analytical and sampling uncertainties there is no significant difference 
between the sites. One of the samples from the monitoring campaign in Forsmark has a value above 
0.1 mM (3.2 mg/L), and it may be unrealistically high, but additional time series measurements 
would be required in order to exclude it. 

Given that sulphide may only be generated through the process of microbial sulphate reduction, it is 
important to look at the sulphate reducing bacteria (SRB), as well as at the concentration of sulphate 
and of reductants that could sustain such process. Figure 6‑7 shows the numbers of sulphate reducing 
bacteria and Figure 6‑8 displays the concentrations of sulphate at the sites. The concentrations of 
methane and hydrogen are shown in Figure 6‑9 while the concentration of dissolved organic carbon 
(DOC) is illustrated in Figure 6‑10.

Both sites show significant populations of sulphate reducing bacteria (SRB) as well as of all other 
analysed groups of microorganisms (not shown here) /Hallbeck and Pedersen 2008a, b/.
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Figure 6‑6. The distribution of sulphide concentrations (in mol/L) at Forsmark and Laxemar for the 
samples selected as being representative in /Tullborg et al. 2010a, b/.
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Figure 6‑7. The most probable number (MPN) of sulphate-reducing bacteria (SRB) from Forsmark and 
Laxemar as a function of depth. All available data are shown /Hallbeck and Pedersen 2008a, b/.

Figure 6‑8. Concentrations of sulphate in groundwaters at Forsmark and Laxemar as a function of 
depth. Data with categories 1–3 are shown /Laaksoharju et al. 2008, 2009/. Ocean waters have SO4

2− 
0.0282 mol/L while Littorina and Baltic Sea waters correspond to sulphate concentrations ≈ 0.0094 and 
≈ 0.0051 mol/L, respectively.
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Both sites have enough SO4
2– at the sampled points to sustain microbial reduction of SO4

2– to HS–, 
and enough PO4

3– (not shown in the figures) at most sampled points to sustain microbial life at the 
observed total numbers of microorganisms. Forsmark has at present much more NH4

+ than Laxemar 
(not shown in the figures), and this appears to be related to the waters of Littorina Sea origin. 
Nevertheless, both sites have enough ammonium to sustain the observed numbers of microorgan-
isms. Both sites have similar concentrations of dissolved organic carbon (DOC), Figure 6‑10, and 
they are enough to sustain the observed numbers of microorganisms.

Both sites have enough CH4 to potentially sustain anaerobic methane oxidation with concomitant 
sulphate reduction to sulphide. However, the presence of this group of microorganisms were not 
analysed for at the sites. Both sites had some observations of H2, but they were in many cases very 
low, suggesting that microbes either remove hydrogen from groundwater by using it as a source of 
energy, or that a source of hydrogen is lacking at the sites.

It is evident from these figures that there are enough concentrations of reductants, especially as 
DOC, to potentially sustain a sulphate reduction and increase the concentrations of sulphide in the 
groundwaters at both sites. However, it has not been confirmed to date that in granitic rocks methane 
can be used as a reductant in the microbial reduction of sulphate, and some of the DOC will be in the 
form of humic acids that are only slowly degraded. 

Figure 6‑10. The concentrations of dissolved organic carbon (DOC) as a function of depth at Forsmark 
and Laxemar. The diagrams show data with categories 1–3 /Laaksoharju et al. 2008, 2009/.

Figure 6‑9. The concentrations of methane and molecular hydrogen as a function of depth at Forsmark 
and Laxemar. Samples with H2 contents below the detection limit are plotted at 10−8M.
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There are differences between the two sites judging from the δ34S in dissolved SO4
2– shown in 

Figure 6‑11 (all δ34S values are referred to the standard CDT, Canyon Diablo Troilite). The sulphur 
source at Laxemar for the deeper saline groundwater seems to have a different origin from that at 
Forsmark. The other sulphur sources (marine, sea spray and sulphide minerals) are similar at both 
sites. The marine signature of SO4

2– is more emphasized at Forsmark mainly due to the infiltration 
of Littorina water. It is hard to evaluate any difference in the sulphide production over time at both 
sites based on the δ34S data of the remaining dissolved SO4

2–. However, other groundwater chemical 
parameters, for example Mg and Br, indicate that part of the SO4

2– reduction of the Littorina compo-
nent at Forsmark took place before or during the infiltration into the bedrock. When considering the 
whole post-glacial period, and based on all the residual δ34S in SO4

2–, there are no major differences 
in the sulphide production between the sites. But when considering only the low saline groundwa-
ters, the δ34S data of dissolved SO4

2– together with the microbial data show that SO4
2– reduction in 

these dilute groundwaters seems to be more intense at Laxemar than at Forsmark at present.

The conclusion from the present-day site data related to sulphide and sulphide production is that 
given the spread of the values it is not evident that any of the two sites has either significantly larger 
microbial populations or a larger amount of reductants available.

Periglacial periods
Sulphate reduction will be limited to those rock volumes that are unfrozen and where the production 
of sulphide will depend on the availability of reductants, as sulphate is expected to remain, during 
permafrost conditions, at the same or higher levels than under temperate conditions. In addition, 
sulphide levels will be controlled by the release of Fe(II) through mineral-water interactions.

There is a risk of an accumulation of gases migrating from the deeper parts of the crust and upper 
mantle due to reduced hydraulic permeability of the frozen upper rock layers. If the gas flow is 
large there would be a possibility of forming layers of methane gas hydrates. However, if taliks are 
present in the area they will offer a venting possibility for the upward flow of gases. The flow of gas 
is estimated in /Delos et al. 2010/ using the data in Figure 6‑9, and it is concluded that the accumula-
tion of CH4 or H2 may be ruled out for the expected lifetime of the repository at the two sites. On the 
other hand the downward flow of dissolved organic carbon (DOC) from the surface will decrease in 
cases of permafrost at the sites. As DOC is the most important reductant present in the groundwaters 
at the sites, this would limit the possibility of sulphate reduction in the absence of an accumulation 
of CH4 and/or H2.

It may be concluded that there are no differences in properties related to sulphide and related 
processes and variables during periglacial periods between the two sites.
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Figure 6‑11. Isotope compositions for dissolved sulphate in groundwaters at Forsmark and Laxemar as a 
function of depth. For marine waters δ34S in sulphate is about 20‰, while sulphide from microbial SO4

2− 
reduction has δ34S < 0‰, which means that if sulphate is of marine origin, then δ34S values >20‰ indicate 
microbial sulphate reduction.



66	 TR-10-54

Glacial periods
The potential for sulphate reduction in the deeper rock under an inland ice could decrease because of 
low concentrations of sulphate in the groundwaters having a large proportion of meltwater component.

As for the case during permafrost conditions, in a situation where the site is completely covered by a 
thick inland ice sheet, there could be an accumulation of methane and hydrogen which are reductants 
that could be used in microbial sulphate reduction, although this can not occur in either Forsmark 
or Laxemar since the flow of these gases is too low /Gimeno et al. 2010/. It is expected that the 
infiltration of dissolved organic carbon from the surface, which is another possible reductant, would 
decrease noticeably at both sites.

It is possible that the infiltrating meltwater, if anoxic, could contain sulphide as a consequence of 
dissolution of sulphide minerals (e.g. pyrite) present in the rock that is being reworked and ground 
up at the bottom of the glaciers. However the solubility of sulphides is quite low and the potential for 
dilution from the melting ice is high.

All these effects will be of comparable magnitude at both sites. In Forsmark, the rock volume occupied 
by the projected repository has quite low hydraulic conductivity, and it could be that the dilution effects 
would be less pronounced. If so, then the sulphide concentration at the target repository volume in 
Forsmark could remain at the present levels over the whole glacial cycle. However, at Laxemar as a 
whole and in the fracture zones at Forsmark the larger dilution processes and the lower concentrations 
of reductants will decrease the sulphide levels, which is beneficial from the standpoint of canister 
corrosion. 

6.3.3	 Redox buffer capacity; potential for oxygen penetration; mineralogy
During temperate climate conditions there is a large reducing capacity within the soil layers and 
within the upper first few metres in the rock fractures. This is due to microbial activities and continu-
ous input of organic carbon. Deeper down there is a large reducing capacity in the Fe(II) content 
of the fracture filling minerals (mainly in chlorite and sulphides) and in the rock matrix (mainly in 
biotite and sulphides).

Figure 6‑12 shows that chlorite is identified in practically all fractures at both sites. Mössbauer analysis of 
the rocks at both sites show that the Fe(II) content in Laxemar is 2.5 to 3.5 mass %, wheras in Forsmark 
it is in the range 1–1.5 mass %. Thus the reducing capacity of the rock matrix at Laxemar is larger than at 
Forsmark. 

Models of oxygen consumption by Fe(II) in the rock matrix through advection in the fractures and 
matrix diffusion /Sidborn et al. 2010/ show that the higher Fe(II) content in the Laxemar rocks 
is compensated by higher flow-related transport resistance (F-factors, related to the flow-wetted 
surface area available for matrix diffusion) in Forsmark, see for example Figure 5‑18 .

6.3.4	 Colloid concentrations under temperate, permafrost and glacial periods
In Laxemar and Forsmark colloid concentrations in waters from boreholes at varying depth have 
been analyzed with different methods: filtration, fractionation using membrane filters, LIBD-analysis 
(Laser Induced Breakdown Detection) and micro-filtration followed by scanning electron microscopy 
and energy-dispersive spectroscopy (SEM/EDS). The analyses show that the colloid concentration 
with depth at Forsmark and Laxemar are not significantly different. Most of the samples at both sites 
contain less than 60 µg/L with maximum analysed concentrations of ~170 µg/L at Forsmark and 
~90 µg/L at Laxemar. As shown in Figure 6‑1 above, practically all groundwaters analyzed have 
charge concentrations that exceed the critical coagulation concentration for bentonite colloids.

This indicates that natural colloid concentrations at both sites will not cause increased radionuclide 
transport in the case of a canister failure. 

In the case of decreased groundwater salinities during a future glaciation period, colloid stability 
would be increased. The same situation could happen under long temperate periods of infiltration of 
meteoric waters. The concentration of colloids would need to become very large to have an impact 
on radionuclide transport. The increased colloidal stability will be of comparable magnitude at both 
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sites. In Forsmark, the rock volume occupied by the projected repository has quite low hydraulic 
permeability, and it could be that the dilution effects would be less pronounced. If so, then the 
colloid concentration at the target repository volume in Forsmark could remain at the present levels 
over the whole glacial cycle, while at Laxemar as a whole and in the fracture zones at Forsmark they 
could potentially increase during periods of enhanced recharge of meteoric or glacial melt waters.

6.3.5	 Buffer capacity in relation to pH; calcite contents, etc
Figure 6‑12 shows that calcite is identified in practically all fractures at both sites, despite that they 
have been exposed to infiltrating waters during large periods of time. This indicates a substantial pH 
buffering effect at both sites.

6.3.6	 Confidence in the data and in the site description
In the target repository volume at Forsmark, the low hydraulic conductivity of the rock and low 
transmissivity of the few fractures available makes it very hard to get representative groundwater 
samples. In Laxemar the large number of fractures makes it difficult to obtain groundwater samples 
representative of the borehole section depth. In both cases it is quite difficult to have a good model 
of the spatial variability of groundwater chemical data, although for different reasons. The number of 
sampling points is sufficiently large, however, to provide a good confidence about the water types at 
the different depths at both sites.

In Forsmark most of the groundwater samples originate from fracture zones or more conductive 
rock volumes, and there is a general lack of information about the composition of the groundwaters 
flowing in small fractures and at large depth within the candidate repository area.
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Figure 6‑12. Fracture filling minerals identified in fractures of Forsmark and Laxemar /Drake and 
Tullborg 2009, Sandström et al. 2008/.
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Data obtained after the site investigations in general confirm the existing conceptual models of 
groundwater chemistry at both sites. However in the case of sulphide, there are indications at both 
sites of increased microbial sulphate reduction during the monitoring period. The reasons for this 
apparent increase in sulphide levels are being investigated.

In addition, in Forsmark there are a few more chemistry-related data that require more investigation 
before they can be explained to satisfaction. For example, a very small number of fractures in the 
drillcores show non-altered surfaces without any fracture filling minerals, while it would be expected 
that some mineral alteration should have taken place. Other groundwater chemistry data that still 
requires further investigation is the elevated uranium concentrations in some samples at Forsmark. 
Although there are models and explanations for the observed uranium concentrations, more evidence 
would be needed to explain their limited spatial distribution, and the processes that have lead to the 
U-deposition. Data that might be useful are for example: characterisation of the uranium containing 
minerals, uranium isotopes, redox speciation, dissolved organic matter composition, etc. A more 
comprehensive discussion on data that should be assessed during detailed investigations at Forsmark 
is given in SR-Site main report, Section 15.6.

6.4	 Conclusions
Salinity and cation concentrations
Groundwater samples show that current salinity levels at repository depth are lower at Laxemar than 
at Forsmark. Most expected future climatic changes will induce groundwater dilution. During the 
next million years or so, a sea water body, similar to the Littorina or Baltic Seas is expected to cover 
the Forsmark site longer than the Laxemar site, due to differences in ice thickness and location of 
the repository sites. Furthermore, due to the low hydraulic conductivity of the repository volume at 
Forsmark, it is likely that the groundwater salinity within the target repository volume in Forsmark 
will remain at present levels over the whole glacial cycle. In contrast, there will be a larger impact of 
the dilution processes resulting in lower salinities at Laxemar as a whole (and in the fracture zones 
at Forsmark). In short this means that conditions at Laxemar are likely to be less favourable for the 
stability of the bentonite buffer.

Sulphide
At present the sulphide levels at Laxemar and Forsmark are not significantly different. However, the 
microbial processes involved in sulphide production introduce uncertainties in the interpretation of 
the analytical results. The borehole sampling procedures and the microbial processes occurring in the 
fractures, inside the isolated borehole sections and on the equipment are under investigation.

Both sites show physical and chemical characteristics that will support sulphate reduction to sulphide. 
There are no important differences between the sites with respect to the conditions for sulphate reduction.

Both sites show similar average amounts and numbers of analysed biomass and microbes. However, 
the range is larger in Forsmark. The mean concentrations of sulphate reducing bacteria are similar at 
both sites.

The δ34S values in the dissolved SO4
2– show small differences in the sulphide production in the past. 

At Forsmark some sulphate reduction to sulphide seems to have taken place already in the sediments 
and in the Littorina Sea water prior to the infiltration into the bedrock. At Laxemar the residual 
δ34S values in the dissolved SO4

2– indicate that most of the sulphate reduction has taken place in the 
bedrock groundwater itself.

The future evolution of sulphide concentrations is expected to be similar at both sites. In Forsmark, 
the rock volume occupied by the projected repository has quite low hydraulic permeability, and it 
could also be that the effects on the sulphide concentrations would be less pronounced. If so, then 
the sulphide levels at the target repository volume in Forsmark could remain at the present levels 
over the whole glacial cycle, while at Laxemar as a whole, and in the fracture zones at Forsmark the 
larger dilution processes and the lower concentrations of reductants will decrease the sulphide levels, 
which is beneficial from the standpoint of canister corrosion.
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Buffer capacity
Both sites have pH-buffering minerals in the fracture filling minerals, mainly calcite, indicating a 
good pH buffering capacity in the fractures of both sites.

The content of Fe(II) in the rocks at Laxemar is about twice as high as that at Forsmark. This can 
be an advantage for Laxemar in terms of potential for intrusion of oxygenated glacial meltwaters. 
However, the conceptual models of O2 consumption by Fe(II) in the rock matrix show that the larger 
reducing capacity is more than compensated by lower transmissivity of the fractures at Forsmark.

Other aspects
As a consequence of the much lower frequency of transmissive fractures at Forsmark, confidence in 
the chemical conditions of the fracture groundwaters are comparably lower due to a smaller number 
of sampled groundwaters. However, the Laxemar site with its larger overall hydraulic conductivity, 
is more exposed to future changes in the groundwater chemistry at repository depth due to shoreline 
displacements and to climate induced changes at the surface, such as glaciation, meteoric water 
infiltration etc. 
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7	 Earthquakes

7.1	 Introduction
Large future earthquakes at any of the sites cannot be excluded within any time frame but are thought 
to be associated with glacially induced faulting. Glacially induced faulting occurs in glaciated regions 
in response to changes in the glacial load: either as a result of deglaciation (crustal unloading) or 
glacial advance (crustal loading). Such faulting is commonly referred to as “postglacial faulting” and 
abbreviated “PGF” although it may actually occur before the glaciation in response to an advancing 
ice sheet. Glacially induced faulting has been reported from northwest Europe (Norway, Sweden, 
Finland, Russia, Eire, and Scotland) and North America (eastern Canada, New England, and possibly 
California and Montana). To date, all examples of glacially induced faulting have been recorded 
in regions of low to moderate seismicity, namely passive margin, failed rift, or intraplate/craton 
environments such as Sweden. With the notable exception of the 1,989 M 6.1 Ungawa surface rupture 
/Adams et al. 1991/, glacially induced faults are unique in that they occur in regions where there is no 
evidence of surface rupture during historical time. In addition, these regions have no historical record 
of seismicity that approaches the magnitude thresholds for generating surface faulting.

The spectacular postglacial faults in northern Sweden are the most convincing examples of glacially 
induced faulting. Although there have been numerous claims of such faulting in southern Sweden 
/Mörner 1989, 2003/, many have been disregarded or questioned as such /SKB 1990, Carlsten 
and Stråhle 2000, Wänstedt 2000, Lagerbäck and Sundh 2008/. Within the framework of the site 
investigations, /Lagerbäck et al. 2005, 2006/ have investigated large areas in the vicinity of the sites 
and came to the conclusion that glacially induced faulting of larger magnitudes cannot be positively 
demonstrated. However, /Lagerbäck and Sundh 2008/ emphasize that their findings do not exclude 
the possibility of smaller earthquakes having occurred, nor do they exclude the possibility of future, 
large earthquakes in the investigated areas.

The potential for fault weakening and/or reactivation at the sites, as a response to future glaciations 
has, using simulation of advancing and retreating glaciers, been addressed by /Lund 2005, 2006/ in 
a series of reports to SKB whereas the effect on a repository, should a large earthquake occur in the 
vicinity, has been investigated in a series of reports and publications by Fälth and Hökmark /Fälth 
and Hökmark 2006, Fälth et al. 2007, 2008/.

The detrimental effects of a large earthquake near the repository can be avoided or considerably 
lessened by adaptive design involving the use of respect distance /Munier and Hökmark 2004, 
Munier et al. 2008/ and deposition hole rejection criteria /Munier 2006, 2007, Hedin 2008/.

Using the outcome of /Lund et al. 2009/, /Fälth et al. 2010/computed stability margins of deforma-
tion zone models to identify the zones most likely to reactivate during various periods of the glacier 
evolution. This, combined with deposition hole rejection criteria, was used to assess the number of 
critical canister positions and thereby the potential contribution to radiation risk at each site. This is 
elaborated further upon below.

7.2	 Safety relevance
Earthquake-triggered, fast, shear movements along fractures intersecting a canister can affect the 
containment of the canister if the shear load exceeds the design premises of the canister, i.e. for slip 
exceeding 5 cm at a rate of 1 m/s or more, see SR-Site main report, Section 10.4.5.
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Table 7-1. Yearly frequencies for magnitude 6 events or larger normalised to a circular area with 
radius 5 km.

Normalised frequency (y–1) Reference

3.75∙10−7 /Böðvarsson et al. 2006/ 
6.83∙10−8 /La Pointe 1999, table 4-5/ (excluding Lake Vänern area) 
2.50∙10−7 Expert Elicitation project /Hora and Jensen 2005/
3.14∙10−7 /Fenton et al. 2006/ 

7.3	 Assessment of risk for earthquake triggered fast shear 
movements

7.3.1	 Probability of future large earthquakes
The possibility of predicting future large earthquakes is naturally associated with large uncertainties, 
which increase with increasing time span. There is an abundance of arguments for assuming that 
the probability of large earthquakes at either of the site locations is low or very low during a glacial 
cycle. An expert elicitation project conducted by /Hora and Jensen 2005/, indicated that on average 
3.0·10−2 earthquakes of magnitude 6 or greater are estimated to occur within 5 km radius of either 
of the sites during a glacial cycle. The project was aimed at testing the elicitation procedure rather 
than providing an answer on earthquake probability and the relatively limited resources given to 
the experts to respond to the question is noted. However, the remarkable similarity in the experts’ 
opinions, despite disparate approaches to the problem, is seen as an indication that the estimated 
probability of occurrence is likely to be realistic, given the limitations and uncertainties.

In SR-Can /SKB 2006a/, we assumed yearly frequencies between 7∙10−8 (using /La Pointe et al. 1999/) 
and 4∙10−7 (using /Böðvarsson et al. 2006/) earthquakes of magnitude 6 or larger within 5 km radius from 
the sites (Table 7‑1). However, due to a relative lack of data from the sites (Figure 7‑1), short time series 
combined with insufficient understanding of local seismicity; it is not possible to estimate site-specific 
earthquake probabilities which therefore must be assumed equal for the Forsmark and Laxemar sites. 
Figure 7‑1 shows earthquakes recorded by SNSN /Böðvarsson 2002/ during the period 2002–2009. 

For SR-Site, the probabilities, presented in Table 7‑1, need to be rescaled to cover events of M5 or 
larger, due to the change of canister failure criterion from 100 mm to 50 mm /SKB 2009c/. A rough 
estimate, is that the frequencies change by a factor of 10 for a unit change in magnitude.

The frequencies of Table 7‑1 were obtained by averaging over the area covered by the original data and 
rescaling to smaller areas. While this procedure is adequate for large target areas, implicitly assuming 
there exist structures large enough to host the earthquakes, it is necessary to address the local structural 
geology when applying to relatively small areas such as the sites; earthquakes are naturally anticipated 
to cluster along deformation zones rather than being randomly distributed over the area. In SR-Can 
/SKB 2006a/ we estimated the probability of any zone to host an earthquake by dividing the probability 
estimated for the circular area (with 5 km radius) by the number of deformation zones within that area 
regardless of the properties, e.g. orientation, size, etc. of the zones. This conservatism was necessary as 
we did not possess any information on the stress evolution during a glacial cycle and therefore had no 
solid arguments to exclude deformation zones unlikely to reactivate. However, the findings of /Lund 
et al. 2009/ were used to identify which of the deformation zones have the potential amenable for 
reactivation at various times during the glacial evolution. This essentially means that the earthquake 
probabilities are localised to fewer zones as compared to SR-Can.

7.3.2	 Potential for fast shear movements
The canister is designed to withstand a shear movement of 5 cm. This means that if cumulative slip 
exceeding 5 cm along fracture planes that intersect the canisters can be avoided, earthquakes have no 
means to jeopardise the integrity of the buffer/canister package by shear load. As the maximum slip 
that can be hosted by a fracture is related to its size /Cowie and Scholz 1992/, we only need to ensure 
that canisters are not intersected by large fractures to warrant long-term safety.
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Figure 7‑1. Earthquake measured by SNSN during the period 2002–2009 /Böðvarsson 2002–2009/.
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The impact of earthquakes on target fractures was addressed by /Fälth et al. 2010/, who investigated 
the relations between earthquake magnitude, distance to the fault and target fracture geometry. /Fälth 
et al. 2010/ conclude that, provided that a distance of 600 m is kept to the boundary of deformation 
zones, none of the canisters within a repository will be subject to shear loads such that their integrity 
is jeopardised, regardless of earthquake magnitude (moment magnitudes up to M7.5 were simu-
lated). This under the condition that fractures with radii exceeding 225 m are avoided in deposition 
holes. We judge such fractures will be safely detected during underground mapping /SKB 2010e/ 
and may hence conclude that, beyond 600 m from any deformation zone (≥ 3km), earthquakes have 
no practical importance to long-term safety.

In the interpretation of the simulation results, the deformation zones were divided into two categories: 
zones 3–5 km able to host minor earthquakes (≤ M5.5), and zones exceeding 5 km in trace length which 
are able to host large earthquakes (> M5.5). If both respect distances and rejection criteria /Munier 2010/ 
are applied, the canisters would be able to resist the impact of earthquakes located to zones intersecting 
portions of the repository volume. For this to be valid, however, SKB needs to ensure that (Figure 7‑2):

1.	 No canister is placed within the damage zone of a deformation zone (fault). The damage zone 
of a fault is the volume of rock within which the zone may grow /Scholz 2002, Kim et al. 2004, 
Kim and Sanderson 2008/. This is ensured by repository design /SKB 2009b, d/ and using the 
site descriptive models e.g. /Stephens et al. 2007, 2008a, 2009d, Wahlgren et al. 2008/. The 
boundaries of the deformation zones will be delineated with further detail and less uncertainty 
during underground mapping and modelling.

2.	 No canister is intersected by any fracture that is mechanically connected (i.e. splay) to any deforma-
tion zone. The risk for this to occur is lessened by the use of 100 m respect distances /Munier and 
Hökmark 2004, Munier et al. 2008/ to the boundary of the deformation zone, defined to include 
the damage zone see e.g. /Munier et al. 2003/ for details. There is an uncertainty, however, whether 
this respect distance is sufficient to include all splays. Naturally, the splays are smaller than the 
deterministically modelled zones and ought to consist of fractures or small deformation zones with 
radii in the order of about 100 – 500 m. Hence most of them will be detected and characterised by 
underground investigations /SKB 2010e/. It is, however, imperative to, during underground investi-
gations, pay particular attention to make sure that such splays do not intersect any deposition hole. 
The work of /Cosgrove et al. 2006/ is of particular importance in this context and we anticipate that 
ongoing detailing of the underground investigation program /SKB 2010e/ will further sharpen the 
identification tools.

3.	 Deposition hole rejection criteria are applied to the rock volumes beyond the 100 m respect 
distance which depend on /Fälth et al. 2010/:
a.	 The size of the nearest deformation zone (i.e. the maximum size of anticipated earthquake, 

should it occur)
b.	 The distance to the deformation zone
c.	 The orientation of the fracture intersecting the deposition hole.
d.	 The size of the fracture intersecting the deposition hole.

The complex task of determining the absolute size of fractures /Cosgrove et al. 2006/ can be avoided 
by the use of the so called FPI criteria /Munier 2010/ which constitute proxies for large fractures. In 
practice, therefore, the critical radii of Table 7‑2 are used only to obtain a quantitative estimate of the 
number of critical canister positions for the few cases for which the FPI criteria may fail (see next 
section).

In summary, despite the lack of positive evidence for large earthquakes near the sites /Lagerbäck 
and Sundh 2008/, large earthquakes cannot be entirely disregarded as a risk factor. However, there 
are a number of countermeasures that can be taken. These are based on the properties, essentially 
the anticipated state of stress, the size and orientation of the deformation zones and the nature of the 
fracture array in the host rock.
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7.4	 Results
The deposition hole rejection criteria are identical for Laxemar and Forsmark but the effect of their 
implementation naturally differs between the sites, due to local differences in deformation zone 
geometry (orientation), properties, fracture array properties and thermal properties (affects the 
canister spacings). Additionally, with current knowledge, the earthquake hazard must be assumed 
identical for both sites. A comparison of Laxemar and Forsmark from a long-term (one or several 
glacial cycles) seismic hazard perspective therefore simplifies to a comparison of the impact of 
deformation zones upon the repository layout in terms of respect distance(s) and the number of 
critical canister positions.

The discrete fracture models (DFN) provide input to the canister/fracture intersection simulation 
and, hence, to the assessment of earthquake effects upon the integrity of the KBS-3 system. The 
uncertainty of DFN models were expressed in term of alternative models, reflecting conceptual 
uncertainty, to encompass what we perceive as an adequate uncertainty space. All models were 

Figure 7‑2. Cases to consider regarding slip across canisters. Case #1 = the canister is intersected by a 
deformation zone. Case #2= the canister is intersected by a splay from the deformation zone. Case #3= the 
canister is intersected by a large fracture at some distance from, and mechanically disconnected to, the zone.

Table 7-2. Summary of deposition hole rejection criteria/redrawn from /Fälth et al. 2010/.

Zone trace length (km) Target fracture dip (degree) Distance from zone (m) Critical target fracture radius (m)

>5 0-55 100-200 62.5
>5 0-55 200-400 125
>5 0-55 400-600 160
>5 0-55 >600 225
>5 55-90 100-200 85
>5 55-90 200-400 170
>5 55-90 400-600 215
>5 55-90 >600 >300
3-5 0-55 100-200 75
3-5 0-55 200-400 150
3-5 0-55 400-600 235
3-5 0-55 >600 >300
3-5 55-90 100-200 100
3-5 55-90 200-400 200
3-5 55-90 400-600 >300



76	 TR-10-54

Table 7-3. Number of critical canister positions for various DFN models, assuming mixed stress 
regime (6,000 canister repository) at Forsmark.

DFN Model # Crit. Min # Crit. Max

OSM+TFM 1·10-03 6.7·10-02

r0-fixed 3.5·10-03 4.8·10-02

TCM 2.3·10-03 1.1·10-01

Overall 1·10-03 1.1·10-01

Table 7-4. Number of critical canister positions for various DFN models, assuming reverse 
regime (6,000 canister repository) at Forsmark.

DFN Mode l# Crit.

OSM+TFM 6.7·10-02

r0-fixed 4.8·10-02

TCM 1.1·10-01

propagated through all calculations to ensure that we do not underestimate the impact of earth-
quakes. In essence, the output is a range of the number of potentially damaged canisters from which 
we cautiously have chosen the largest. Details on DFN models and their alternatives is provided in 
the data report for SR-Site and appendix A3. Applying the full perimeter intersection criteria on site-
specific deformation zone- and fracture models, /Munier 2010/ computed the number of canisters 
affected by various deformation zones and stress regimes, the main results of which are presented in 
Table 7‑3 to Table 7‑5 (see /Munier 2010/ for further argumentation). 

7.4.3	 Forsmark
In short, the number of critical canisters in Forsmark, i.e. canisters that escaped the FPI rejection 
criteria and are thus intersected by fractures large enough to host slips exceeding 5 cm, varies 
between roughly 1.0·10–3 (for DFN model OSM + TFM and ZFMNW0017) and 1.1·10–1 (for DFN 
model TCM and ZFMA2) canisters depending on DFN model, stress regime and zone assumed to 
reactivate seismically (Table 7‑3). The reverse stress regime (Table 7‑4) only affects one deformation 
zone, ZFMA2, and yields 1.1·10–1 critical canisters (for DFN model TCM).

7.4.4	 Laxemar
At Laxemar, only the mixed (strike slip + reverse) stress regime is applicable. The number of critical 
canisters (Table 7‑5) lie in the range 0 (ZSMNW088A) to 5.6E‑2 (ZSMNW042A). We only simu-
lated the main DFN alternative, “BMU” in Laxemar, and to address the differences in DFN models, 
we ran a batch of simulations /Munier 2010/ with fewer realisations using only fracture domain 
FSM_C and 8.1 m canister spacing (Table 7‑6). We judge the differences between the different DFN 
models sufficiently small, in the light of the overall uncertainties, that the impact of the DFN model 
can be disregarded.

Table 7‑5 Number of critical canister positions assuming mixed stress regime (6,000 canister reposi-
tory) at Laxemar, all fracture domains and all canister spacings. Note that only the main DFN model 
alternative was used for this computation from /Munier 2010/.

Table 7-5. Number of critical canister positions assuming mixed stress regime (6,000 canister 
repository) at Laxemar, all fracture domains and all canister spacings. Note that only the main 
DFN model alternative was used for this computation from /Munier 2010/.

Probabilistic slip, mixed (strike-slip + reverse) regime
DFN Mode l# Crit. Min # Crit. Max

BMU, All domains 0.0000·100 5.638·10-02
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7.5	 Conclusions
Despite the lack of evidence for large earthquakes near the sites /Lagerbäck and Sundh 2008/, 
large earthquakes cannot be entirely disregarded as a risk factor. However, there are a number of 
countermeasures that can be taken. The detrimental effects of a large earthquake near the repository 
can be avoided or considerably lessened by adaptive design involving the use of a respect distance 
and deposition hole rejection criteria. 

Computed stability margins of deformation zone models used to identify the zones most likely to 
reactivate during various periods of the glacier evolution combined with deposition hole rejection 
criteria, were used to assess the number of critical canister positions and thereby the potential con-
tribution to radiological risk at each site. This analysis shows that despite differences in deformation 
zone and fracture geometries and frequencies, the difference between the sites is of the same order 
of magnitude as the difference due to the uncertainty in the fracture description for each site. Even 
though Laxemar has less critical canister positions as compared to Forsmark, despite a generally 
higher fracture intensity, the difference is not sufficiently clear, given the uncertainties, to suggest 
that the risk of seismic impacts would be significantly less at Laxemar. The risk contribution from 
earthquakes is judged similar for the two sites.

Table 7-6. Number of critical canister positions assuming mixed stress regime (6,000 canister 
repository) at Laxemar. Only one fracture domain (FSM_C) and one canister spacing (8.1 m) was 
simulated from /Munier 2010/. Note that the difference between “BMU” in this table and the one in 
Table 7-5 is due to a different number of realisations.

Model # Crit. Min # Crit. Max

BMU, C 0.00 2.48·10–2

BM, C 0.00 1.68·10–2

BMU_alt, C 0.00 1.10·10–2

BM_alt, C 0.00 6.78·10–3

BMU_open, C 0.00 1.62·10–2

Overall 0.00 2.48·10–2



TR-10-54	 79

8	 Mineral resources

8.1	 Introduction
In order to mitigate the risk of future human intrusion, the rock suitability criteria, as set out by SKB 
in /Andersson et al. 2000/, set as a requirement that the rock types in the deposition area do not have 
ore potential and do not contain such valuable minerals as to justify mining at a depth of hundreds of 
metres. There is a preference for common rock types with no occurrence of valuable utility stone or 
industrial minerals. For the feasibility studies, this called for avoiding areas with known ore potential 
and heterogeneous or unusual bedrock. Furthermore, it was stipulated that, if extensive occurrence of 
ore-bearing minerals is encountered during the Site Investigation, the site should be abandoned.

8.2	 Safety relevance
SR-Can evaluated the ore potential for the analysed sites /SKB 2006a, Section 4.3/ and propagated 
this to the analyses of FHA-scenarios /SKB 2006a, Section 12.10 /.

8.3	 Forsmark
The ore potential at the Forsmark site is addressed in /SKB 2008a, Section 11.2.4/. It is concluded that 
ore potential in the coastal area in northern Uppland is correlated to the rock types and their characteris-
tics. An assessment of the ore potential /Lindroos et al. 2004/ , came to the conclusion that there is no 
potential for metallic and industrial mineral deposits within the candidate area at Forsmark. A potential 
for iron oxide (magnetite) mineralisation was recognised in an area to the south-west of the candidate 
area, predominantly in the felsic to intermediate metavolcanic rocks (see Figure 8‑1), but the mineral 
deposits are small and have been assessed to be of no current economic value.

Based on data from the islands outside the Forsmark candidate area, a new rock domain (RFM021, 
see Figure 11‑8a in /SKB 2008a/), dominated by felsic to intermediate metavolcanic rocks, was 
recognised in version 1.2 of the site descriptive model. This rock domain is located north of the can-
didate area. There is no documented iron mineralisation in data available from the islands, but since 
most of this rock domain is located beneath the Baltic Sea from where relevant data are lacking, 
the potential for iron oxide mineralisation in rock domain RFM021 cannot be completely excluded. 
However, the modelling work indicates that this rock domain does not occur in the candidate volume 
at elevations above –1,000 m.

8.4	 Laxemar
The potential for ore, industrial minerals and commercial stones of the Laxemar site has also been 
assessed by an experienced exploration geologist (/Lindroos 2004/). In that work, ore potential 
was defined as mineralisations considered worthwhile exploring today or over a longer period. It 
is concluded that the Simpevarp regional model area is dominated by intrusive rocks and granites, 
belonging to the c. 1,810–1,760 Ma generation of the Transscandinavian Igneous Belt (TIB), which 
by experience is more or less devoid of metallic mineralisation. The only candidate for metallic 
mineralisation in the Simpevarp regional model area is the c. 1,450 Ma old Götemar-type granite, 
which is judged to have a potential for tin (Sn) and tungsten (W), although no mineralisations of this 
type have so far been found.

Consequently, the whole Simpevarp regional model area may be considered as sterile concerning 
metallic mineralisations and ores. Furthermore, the only real potential for quarrying building- and 
ornamental stone is associated with the Götemar and Uthammar granite intrusions in the north and 
south, respectively, i.e. well outside the Laxemar subarea.
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8.5	 Conclusions
Neither of the sites has potential for ore, industrial minerals or commercial stones. It is noted that 
at Forsmark there are areas that bear this potential situated to the south-west of the candidate area, 
predominantly in the felsic to intermediate metavolcanic rocks. However, it is emphasised that the 
small iron mineralisations in this area have no current economic value and this judgement is also 
deemed to be valid in a long-term perspective. Furthermore, the relatively large distance between the 
Forsmark repository and any potential mine implies that the impacts from mining activities would 
be low. This is also demonstrated in SR-Site main report, Section 14.2.7, which concludes that 
exploitation of the potential mineral resources in the vicinity of the Forsmark site would not impact 
the safety functions of the repository.
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Figure 8‑1. Mineral resources map of the Forsmark area. The map shows the areas on the surface that are 
judged to have some exploration potential for mineral deposits (modified after /Lindroos et al. 2004/).
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9	 Surface ecosystems

9.1	 Introduction
The dose to humans and other biota is one of the central estimates in the safety assessment to prove 
that the repository performance fulfils the regulatory requirements, as well as to judge siting and 
technical alternatives including optimisation of the repository. The dose to humans and other biota 
is dependent on several aspects. The most obvious, e.g. the inventory of hazardous substances, the 
integrity of the repository and the transport of radionuclides towards the surface, are handled in 
other sections. Other aspects are generic and not site–specific, like properties of radionuclides, decay 
rates, dose conversion factors for ingestion and inhalation, and individual intakes of food and water. 
Finally, there are several site-specific biosphere aspects that are important for the dose estimates. 
The most important are location of the discharge and properties of the receiving ecosystem, includ-
ing food-chain characteristics, potential land use and amount of food and water produced, as well 
as radionuclide and water turnover. The ecosystem properties also determine the potential human 
utilisation and occupancy in the area where radionuclides can be released, which are important 
parameters in the dose assessment. 

The main purposes of the safety assessment, SR-Site main report, are to assess the safety of a 
potential KBS-3 repository at Forsmark in order to support the license application, and to provide 
feedback to the design development and the SKB research and development programme. For the 
dose and risk assessments within the safety assessment, a Radionuclide Model for the biosphere 
(presented in detail in /Andersson 2010/) has been developed on the basis of a comprehensive site 
investigation programme (see /SKB 2008a/). This model is designed to handle important processes 
for different sites, using site-specific data.

This model has been applied in the dose assessments for Forsmark using the methodologies described 
in the biosphere synthesis report /SKB 2010f/ based on site specific landscape development described 
in the Landscape report /Lindborg 2010/, site specific parameters described in the ecosystems reports 
/Andersson 2010, Aquilonius 2010, Löfgren 2010/ and calculation of LDF:s /Avila et al. 2010/. 

A comprehensive site investigation programme has also been carried out for the Laxemar site /SKB 
2009a/. However, only limited biosphere assessments have been carried out, with the aim of obtaining 
an estimate of the possible impact of differences between the sites in terms of radiological consequences 
of a potential release to the biosphere from a future repository. This section presents a comparison 
between the sites, based on the SR-Site work for Forsmark and the limited study for Laxemar.

9.2	 Safety relevance
From a safety assessment viewpoint, the most important endpoint is the life time risk to a representa-
tive individual of the most exposed group. In the assessments for Forsmark, the annual doses to future 
inhabitants of the potentially affected area, per unit constant release rate to all potential release areas 
(biosphere objects), were calculated for each radionuclide, and the maximum values of these factors 
over all biosphere objects and time points are referred to as Landscape Dose Conversion Factors 
(LDFs) /Avila et al. 2010/. Multiplying these factors with modelled release rates from the geosphere 
under different release scenarios, resulted in estimates of the annual doses used to assess compliance 
with the regulatory risk criterion. However, compliance with regulatory criteria is not the only indica-
tor for site selection and therefore the comparison between the sites cannot be limited to a comparison 
of LDF values. Other aspects can play a role in the site selection, such as the duration of the periods 
when the potential exposure is the highest, the extent of the area that potentially can be affected by 
releases, and the viable use of potentially affected areas. Some of the differences between the sites 
that can be of relevance for their comparison are discussed in this chapter.

The LDF concept focuses on estimating a reasonable worst case and it also represents a fairly short 
period (60,000 years) of the total lifetime of the repository. Since the spatial and temporal dimen-
sions are omitted with the concept of unit release rate, the LDF doesn’t give much information about 
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the how low the risk may be over long time periods, and therefore the LDF only gives a realistic 
estimate within a limited context. For the site selection, both the maximum risk (i.e. based on LDF) 
as well as the long-time integrated overall risk are of importance and may differ between the sites.

In all assessments, the highest dose conversion factors are observed in periods when the affected 
biosphere objects are terrestrial and lake ecosystems. In periods when the affected biosphere objects 
are submerged under the sea the dose conversion factors are several orders of magnitude lower than 
for the terrestrial stage. For periods with glacial conditions the same LDF values as for the submerged 
period are used, although the LDFs could be even lower due to isolation and lack of food production 
in ice covered situations. The other climate stages give variations around one order of magnitude for 
the sites and climate stages. The variation is dependent on the ecosystem (i.e. food-chain), sorption 
of radionuclides on soils and rocks (Kd) and water turnover. The water turnover is dependent on the 
area/volume of the ecosystem in relation to the drainage area. The ecosystems expected to receive 
discharge from deep groundwater are in the lower parts of the terrain, i.e. streams, lakes, wetlands and 
shallow areas along the coastline. These areas often show thicker sediments and higher accumulation 
of organic material than more elevated areas, and may therefore be used by humans as agricultural 
land or for forestry. Thus, the geometry of the area, i.e. topography including bathymetry, is an impor-
tant feature that affects the dose conversion factors. The geometry is mainly determined by the rock 
surface and thus expected to be site specific and fairly constant even over time frames of a hundred 
thousands years. Moreover, the geometry is the major parameter affecting the potential discharge of 
deep groundwater from repository depth, thus there a correlation between release areas, receiving 
ecosystem and water-turnover at the surface.

9.3	 Forsmark
The Forsmark site is today close to the sea, but the shoreline moves continuously towards the east 
and around 9000 AD it is expected to be more than 10 km from the repository /SKB 2010f/. That 
means release from the repository either will continue to follow the shoreline or continue closer to 
the repository and discharge in limnic or terrestrial ecosystems, which have higher dose conversion 
factors than the marine ecosystem. The potential use of land for agriculture in Forsmark is restricted 
because the emerging land is difficult to use due to the richness in boulders and relatively modest 
sediment thickness /SKB 2010f/. Thus the most exposed group will be small. The topographic varia-
tion is low in Forsmark which gives future potential ecosystems that have a high water turnover.

In SR-Site, a Weichelian glacial cycle covering approximately 120 kyrs was modelled /SKB 2010c/. 
It showed that Forsmark will be in a glacial stage for 24% of the cycle. Thus, the repository area 
will be isolated from humans due to the ice thickness and the absent or sparse population with no 
agricultural practises. 

The site will be submerged below the sea for 16% of the cycle. This gives low doses because the 
dose conversion factors are low during the marine period. Wells are not drilled during this period and 
humans will not settle in the vicinity of the release area.

The LDF values for Forsmark, reported in /Avila et al. 2010/, are illustrated in Figure 9‑1. The figure 
shows deterministic values for a selection of radionuclides, together with mean values and percen-
tiles (5, 25, 75 and 95) obtained from probabilistic simulations. The probabilistic results presented 
in Figure 9‑1 include only the effect of parameter uncertainties, where mainly parameters that are 
generic for both sites have been considered. In the uncertainty analyses of the LDFs for Forsmark, 
many of the individual site-specific parameters were not treated fully probabilistically. Instead, these 
parameters were systematically varied as a group, since they are strongly correlated. The results from 
these analyses have shown that uncertainties in these parameters do not have a significant effect on 
the uncertainty of the LDFs /Avila et al. 2010/.

The variation of dose conversion factors over an interglacial show that the period when the site is 
submerged below the sea gives LDF values 3–7 orders of magnitude lower than in the terrestrial 
period (Figure 9‑2).
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9.4	 Laxemar 
The Laxemar site is today close to the sea and the shoreline is expected to move eastwards only to a 
limited extent. However, bays will be isolated in the vicinity to the site. Release from a repository at 
Laxemar can continue to the sea or stay closer to repository and go into terrestrial or riverine ecosys-
tems. The terrestrial release areas are potentially favourable for agriculture due to thick sediments, 
and already today agricultural activities are well developed in the area. The topographic variation is 
high, which gives small sub-catchments and thus low water turnover in the terrestrial ecosystems.

Over the modelled Weichselian glacial cycle, Laxemar is expected to be in the glacial climate 
domain for 16% of the period, and the repository is expected to be submerged under the sea for 11% 
of the period (cf. Figure 4-7 in /SKB 2006b/). 

Indicative LDF values for the Laxemar site are illustrated in Figure 9‑1. It should be taken into 
account that the LDF values obtained for Laxemar should be seen only as indicative estimates. 
Although they have been obtained with the same model and approximately the same methodology 
as that used for Forsmark, the parameterization of the model for Laxemar has not been undertaken 
at the same level of detail and with the same quality control procedures as for Forsmark, see 
Appendix A9. Moreover, in the case of Laxemar not all potential discharge areas, but only a repre-
sentative subset, have been included in the derivation of LDF values (Appendix A9).

Similar to the results for Forsmark, the variation of dose conversion factors over an interglacial show 
that the period when the site is submerged below the sea gives LDF values 3–7 orders of magnitude 
lower than in the terrestrial period (Figure 9‑2).
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Figure 9‑1. Maximum LDF values for a selection of important radionuclides obtained from deterministic 
simulations for Forsmark and Laxemar. For Forsmark the mean and percentiles (5, 25, 75 and 95) obtained 
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9.5	 Comparison between Forsmark and Laxemar
For comparison the resulting LDFs are illustrated in Figure 9‑1, where deterministic values obtained 
for Forsmark and Laxemar are shown for a selection of radionuclides. In the same figure, mean values 
and percentiles (5, 25, 75 and 95) obtained from probabilistic simulations for Forsmark are also shown. 
The differences in deterministic values between Forsmark and Laxemar appear marginal in comparison 
with the uncertainties shown by the probabilistic simulations for Forsmark. Further, no clear tendency 
of the LDF values for Laxemar being generally higher or lower than the values for Forsmark can be 
observed from these results. 

In the uncertainty analyses of the LDFs for Forsmark /Avila et al. 2010/, mainly parameters that are 
generic for both sites have been considered. The results from an additional analysis in which the 
site-specific parameters were varied systematically as a group showed that uncertainties in these 
parameters do not have any significant effect on the uncertainty of the LDFs /Avila et al. 2010/. The 
variation assumed for these parameters in the uncertainty study for Forsmark will in many cases 
cover their variation between Forsmark and Laxemar. This therefore gives an indication that there 
are not expected to be any major differences in LDF values between the two sites.”

The LDF values represent maximum values of doses per unit release rate to the most exposed 
individuals over very long periods with constant releases. They are used primarily for demonstration 
of compliance with quantitative regulatory criteria, which are expressed in terms of expected risk to 
a representative individual of the most exposed group. The comparison of LDF values for Forsmark 
and preliminary LDF values for Laxemar indicates that no conclusion can be drawn on significant 
differences between the sites. Thus, any conclusion in the comparison between Forsmark and 
Laxemar in terms of risk and compliance with quantitative regulatory criteria has to be based on 
other parts of the KBS-3 system.

From the analysis of site data it can, however, be concluded that there are other important factors in 
the biosphere which show differences between the sites. The Forsmark site is expected to be covered 
by ice for about 24% of the glacial cycle, compared with 16% for Laxemar. Exposures to humans 
under glacial conditions, when the site is covered by a glacial ice sheet, are unlikely. However, if 
they occur then humans can only be exposed to radionuclides through ingestion of sea food which is 
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contaminated by releases to the sea when the ice margin is situated above or close to the repository. 
The resulting doses in this case are expected to be lower than during terrestrial or limnic conditions, 
due to a larger dilution of radionuclides released to the sea. 

The periods of submergence below the sea are estimated to 16% of a glacial cycle for Forsmark and 
11% for Laxemar. Fluxes in the geosphere during submerged periods are lower, which would result in 
lower release rates to the biosphere. Moreover, the resulting doses from releases in this case are, simi-
larly to the doses during glacial conditions, expected to be low due to a larger dilution of radionuclides 
(Figure 9‑2). It is also unlikely that wells will be drilled during this period and that humans will settle in 
the vicinity of the release area. However, the shoreline displacement is much slower in Laxemar, which 
could lead to more permanent discharge to the sea in the vicinity of the repository at Laxemar. 

The potential use of land for agriculture in areas that may be affected by released radionuclides is 
more restricted in Forsmark as compared to Laxemar. The emerging land in potential discharge areas 
in Forsmark is rich in boulders and has relatively modest sediment thickness, whereas emerging land 
in the fissure valleys at Laxemar has thicker sediments, which makes it more suitable for agriculture, 
as evidenced by today’s presence of a developed agricultural practice in this area. As a result of this, 
the size of the potentially exposed population is lower in Forsmark than in Laxemar. 

9.6	 Conclusions
A comparison of LDF values for Forsmark and preliminary LDF values for Laxemar indicates that 
it is not possible to infer any differences between the sites in terms of compliance with quantitative 
regulatory criteria caused by the biosphere assessment. The potential difference between the sites in 
terms of total risk should be related to other parts of the KBS-3 system. However, compliance with 
regulatory criteria is not the only indicator for site selection and therefore the comparison between 
the sites cannot be limited to comparison of LDF values. Other aspects that can play a role in the site 
selection, such as the duration of the periods when the exposure is the highest, the extent of the area 
that can be potentially affected by the releases, the viable use of potentially affected areas, should 
also be considered. A comprehensive analysis of all relevant aspects has not been carried out, but 
some of the differences between the sites that can be of relevance for their comparison indicate that 
the Forsmark site will be submerged under sea or covered by ice for longer periods than Laxemar, 
most likely giving considerable lower doses for long time periods. Moreover, the potential for future 
agriculture in areas potentially affected by released radionuclides seems reduced for Forsmark, 
meaning that the size of the potentially exposed population will be smaller.
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10	 Containment potential, retardation and risk

10.1	 Introduction and safety relevance
Estimation of risk is the main output of the safety assessment methodology applied in SR-Site. As 
further described in the SR-Site main report, Section 2.5.9, this analysis is Step 9 of the analysis 
and is divided into two parts: analysis of containment potential and of retardation potential.

The analysis of the containment potential is centred around the main scenario based on the analysis 
of the reference evolution of the repository system, see the SR-Site main report, Section 2.5.7. The 
purpose is to gain an understanding of the overall evolution of the system and of uncertainties affect-
ing the evolution, for the scenario selection and scenario analyses that follow in the two subsequent 
steps. The evolution is an important basis for the later definition of a main scenario. Additional sce-
narios are analysed by focussing on the factors potentially leading to situations in which the safety 
functions of the repository, Figure 1‑1, are not maintained. In most cases, these analyses are carried 
out by comparison with the evolution for the main scenario, meaning that they only encompass 
aspects of repository evolution for which the scenario in question differs from the main scenario. 

The analysis of containment potential and of retardation potential encompasses calculations of 
radionuclide release, transport and dose impacts for potential failure modes of canisters identified 
for each scenario in the analysis of containment potential. The purpose is to assess the retardation 
properties of the system for these scenarios and to quantify risk.

For Forsmark, it is concluded in the SR-Site main report that the main contributor to risk is from 
the corrosion scenario, being the combination of loss of buffer due to ingress of dilute groundwater 
leading to advective conditions in some deposition holes, followed by enhanced potential for canister 
corrosion, which in turn leads to a few canister failures and subsequent release and transport of 
radionuclides. Furthermore, this risk is essentially captured within the assessment of the main sce-
nario, although there are some risk contributions from the additional cases considered in the canister 
corrosion scenario. For comparison between the sites it is thus judged fully sufficient to compare 
the risk contributions arising from the main scenario and for the issues of loss of buffer material and 
canister corrosion. While there is a risk contribution also from potential future earthquakes, this risk 
contribution is smaller than that from the corrosion, and, as is concluded in Chapter 7, the differ-
ences in potential risk contribution from earthquakes between the sites are judged small. 

10.2	 Analysis of containment potential
10.2.1	 Loss of buffer material
As further detailed in Section 10.3.11 of the SR-Site main report extensive studies of the process 
of colloid release from the buffer have been undertaken recently. A summary of the studies and a 
justification of the treatment of the process can be found in the Buffer, backfill and closure process 
report /SKB 2010g/. The description of the background and the development of a quantitative model 
is given in /Neretnieks et al. 2009/. 

As discussed in Section 10.3.9 of the SR-Site main report a loss of 1,200 kg of buffer material from 
one deposition hole position will lead to cases where advective transport in the buffer needs to be 
considered (loss of the diffusive barrier). The rate of loss can be calculated with the model described 
by /Neretnieks et al. 2009/. The information needed for each canister position is:

•	 The duration of conditions with a groundwater composition with a positive charge of less than 
4 mM, requiring a determination of the groundwater composition, in particular the concentrations 
of Na+ and Ca2+. 

•	 The water velocity around a deposition hole/tunnel.

•	 The fracture apertures.
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Forsmark
At the Forsmark site, see Chapter 6 and Sections 10.3.7 and 10.4.7 of the SR-Site main report, the 
quantity Σq[Mq+], could fall below 4 mM charge equiv. i.e. violating safety indictor criterion R1c, 
see Figure 1‑1, for typically one percent of the deposition holes during the later parts of the initial 
temperate period, i.e. after about 10,000 years. This means that colloid release may occur from these 
holes. Furthermore, less than 2 per cent of the deposition hole positions are likely to have dilute 
conditions during a glacial cycle, and they will only have these conditions a fraction of the time.

Using the modelling approach described above and the flow rates from the semi correlated base 
case of the hydrogeological DFN model, see Chapter 5 and Section 10.3.6 of the SR-Site main 
report, the resulting distribution of erosion rates for Forsmark is seen in Figure 10‑1. The figure also 
indicates the number of holes with advective conditions in the buffer, i.e. holes that have experienced 
a loss of more than 1,200 kg of buffer. 

It is obvious that at Forsmark only a small number of depositions holes will reach advective condi-
tions, even in 106 years. Using the EFPC rejection criterion, see Section 5.2.2 of the SR-Site main 
report, and assuming that “dilute” conditions occur 25% of the time, 23 deposition holes (out of 
6,000) reach advective conditions. For the initial temperate period few if any deposition holes will 
reach advective conditions.

Laxemar
At the Laxemar site, see Chapter 6, the quantity Σq[Mq+], could fall below 4 mM charge equiv. i.e. 
violating safety indictor criterion R1c, for a majority of the deposition holes during the later parts of 
the temperate period, i.e. after about 10,000 years. This means that colloid release may occur from 
these holes. These dilute conditions are likely to persist for a large part of the glacial cycle, although 
more saline conditions will occur during periods when the site is covered by the sea or experiencing 
upconing during the glacial advance.
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Figure 10‑1. Distribution of erosion rates at Forsmark for the semi-correlated base case of the DFN hydro 
model, with the EFPC rejection criterion used and for all deposition holes. The erosion rate required to 
achieve advective conditions in a deposition hole are given as vertical lines, for dilute conditions all the 
time (dashed line) and 25% of the time (solid line) in all deposition holes. It should also be noted that less 
than 2 per cent of the deposition hole positions are likely to have dilute conditions during a glacial cycle, 
and they will only have these conditions a fraction of the time.
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Using the modelling approach described above and the flow rates from the elaborated hydrogeologi‑
cal DFN model (see Section 5.4.1 and /Joyce et al. 2011/), the resulting distribution of erosion rates 
for Laxemar is shown in Figure 10‑2. The figure also indicates the number of holes with advective 
conditions in the buffer, i.e. holes that have experienced a loss of more than 1,200 kg of buffer. 

At Laxemar a large fraction of the deposition holes will eventually reach advective conditions. Even 
when using the EFPC rejection criterion and assuming that “dilute” conditions occur 25% of the 
time, nearly all deposition holes connected to a water conductive fracture (about 3,600 out of 6,000 
if applying EFPC and about 4,200 out of 6,000 if not applying EFPC) reach advective conditions in 
one million years, and about half of these holes reach these conditions after 100,000 years.

10.2.2	 Canister corrosion
The approach to assessing canister corrosion for the case of a partially eroded buffer is outlined in the 
SR-Site main report, Section 10.4.9, and is based on the approach suggested by /Neretnieks 2006/ 
supplemented by the Appendix in /Neretnieks et al. 2010/. In short, the corrosion rate will depend 
on the groundwater flux, q, through the part of the fracture that intersects the deposition hole, the 
geometry of the eroded buffer section, the copper shell thickness and the concentration of sulphide in 
the groundwater.

Erosion and subsequent corrosion is modelled probabilistically, using distributions of groundwater 
flow conditions from the hydrogeological DFN modelling and the sulphide distribution. In the com‑
bined erosion/corrosion calculations the time to canister failure is calculated by adding the corrosion 
time to the erosion time for each deposition hole with its specific flow and for a sulphide concentra‑
tion randomly sampled from the sulphide distribution. The central output is the mean number of 
failed canisters at one million years and a list of failure times and canister positions resulting from 
the combination of canister specific flow rates with the sampled sulphide concentrations.
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Figure 10‑2. Distribution of erosion rates at Laxemar for the semi-correlated base case of the DFN hydro 
model, with the EFPC rejection criterion used and without applying any rejection criterion (noted as “all 
deposition holes” in the figure. The erosion rate required to achieve advective conditions in a deposition 
hole are given as vertical lines, for dilute conditions all the time (dashed line) and 25% of the time (solid 
line) in all deposition holes. It should also be noted a majority of the deposition hole positions are likely to 
have dilute conditions already after the initial temperate period, i.e. in about 10,000 years from now.
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Forsmark
The corrosion rate distribution for the semi-correlated base case of the hydrogeological DFN model 
for Forsmark, see Chapter 5 and Section 10.4.6 of the SR-Site main report, and assuming advective 
conditions in all deposition holes remaining after rejection according to the EFPC criterion, is 
given in Figure 10‑3. Here, a sulphide concentration of 10−5 M is assumed in all deposition holes 
and all incoming sulphide is assumed to attack the exposed canister surface. Also the result when 
disregarding EFPC rejection is shown in the figure. As can be seen from the figure, there will be no 
canister failures at Forsmark, even if advective conditions are assumed in all holes if the sulphide 
concentration is at, or below 10–5 M. 

A proper account of the distributions of flow rates and sulphide concentrations requires a probabil-
istic assessment. In a base case calculation, the semi-correlated base case of the hydrogeological 
DFN model, deposition hole rejection according to the EFPC criterion, the sulphide concentration 
distribution for temperate conditions and a cautious corrosion geometry are used. The distribution 
of sulphide concentrations for present and future conditions at Forsmark is presented in Chapter 6. 
More details on the derivation of this distribution are found in Sections 10.3.7 and 10.4.7 of the 
SR-Site main report. This yields a mean number of failed canisters of 0.087 at one million years 
when the sulphide distribution is randomly combined with the flow rates for all the deposition holes. 
Only four deposition holes have sufficiently high flow rates for failure to occur within one million 
years and for all four, the highest concentration of sulphide is required.

Laxemar
The corrosion rate distribution for the semi-correlated base case of the hydrogeological DFN model 
for Forsmark, see Chapter 5, and assuming advective conditions in all deposition holes remaining 
after rejection according to the EFPC criterion, is given in Figure 10‑4. Here, a sulphide concentra-
tion of 10−5 M is assumed in all deposition holes and all incoming sulphide is assumed to attack the 
exposed canister surface. The result when disregarding EFPC rejection is also shown in the figure. 
As can be seen from the figure, there will be several hundred canister failures at Laxemar for these 
conditions.
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Figure 10‑3. Distribution of corrosion rates at Forsmark for the base case semi-correlated hydrogeological 
DFN model and assuming that all deposition holes have advective conditions. The vertical lines indicates 
the corrosion rates that correspond to corrosion of 47 mm copper in 106 (dashed line) and 105 (solid line) 
years respectively.
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A proper account of the distributions of flow rates and sulphide concentrations requires a probabil-
istic assessment. In a base case calculation, the elaborated hydrogeological DFN model, deposition 
hole rejection according to the EFPC criterion, the sulphide concentration distribution for temperate 
conditions at Laxemar and a cautious corrosion geometry are used. The distribution of sulphide 
concentrations for present and future conditions at Laxemar is presented in Chapter 6. This yields 
a mean number of failed canisters of 146 at one million years when the sulphide distribution is 
randomly combined with the flow rates for all the deposition holes.

As is demonstrated in the risk analysis presented in the next section, a failure of 146 canisters leads 
to unacceptable risk. In order to assess whether there are any design changes that could lead to 
reduction of the number of failures some hypothetical cases have also been assessed, where it is 
assumed that it would be possible to avoid deposition holes with high Darcy fluxes under future, 
saturated conditions. As is discussed in Section 10.2.3 of the SR-Site main report and assessed in 
detailed by /Selroos and Follin 2010, Section 7.1/, it may be conceivable to avoid deposition holes 
with Darcy flux above 0.01 m/yr, or maybe even down to 0.001 m/yr, since high Darcy fluxes in the 
future are correlated to high inflows during open conditions. By rejecting deposition holes with high 
inflow, or having potential for high inflow, the characteristics of the accepted deposition holes would 
thus be much better. 

Table 10‑1 shows the resulting number of failed canisters if applying different rejection criteria. As 
can be seen from the table, the impact from the rejection criteria is substantial. This suggests that it 
is conceivable to revise the repository design at Laxemar such that the potential number of canister 
failures would be reduced, but such an approach, implies further losses of deposition holes and 
also needs technical development and verification. (Applying such criteria at Forsmark would also 
reduce the failures, as is discussed in Section 14.2 of the SR-Site main report, but there the already 
existing reference design leads to an acceptable number of failures). It should also be noted that the 
loss of positions will be (much) larger than the number of rejected positions in the table since any 
practical inflow criterion is likely to also reject holes that would not have high Darcy flux during 
saturated conditions, see e.g. Table 5‑6 suggesting that more the 50% of potential deposition holes at 
Laxemar would have inflows above 0.1 L/min.
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Figure 10‑4. Distribution of corrosion rates at Laxemar for the base case semi-correlated hydrogeological 
DFN model and assuming that all deposition holes have advective conditions. The vertical lines indicates 
the corrosion rates that correspond to corrosion of 47 mm copper in 106 (dashed line) and 105 (solid line) 
years respectively.
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Table 10‑1. Number of failed canisters and loss of deposition holes at Laxemar, if applying some 
hypothetical deposition hole rejection criteria.

Criterion Rejected 
positions a)

Mean number of failed 
canisters @ 106 yrs

No rejection 10b) 209
EFPC rejection 717 148
EFPC + T/L (avoid fractures with T>10−6 and L > 443 m) 730 146
EFPC + T/L + avoiding deposition holes with Darcy flux U0 > 0.01 m/yr 1,303 67
EFPC + T/L + U0 > 0.001 m/yr 3,103 0

a) In practice this number will be much higher since any practical inflow criterion is likely to also reject holes that would 
not have high Darcy flux during saturated conditions.
b) Deposition holes erroneously positioned in deterministic fractures.

10.3	 Analysis of retardation potential and risk estimates
The approach to modelling retardation and risk is outlined in Section 13.1 to 13.4 of the SR-Site 
main report. Those sections describe the approach for biosphere assessment with its derivation of 
landscape dose conversion factors for a glacial cycle and the models for radionuclide transport and 
dose calculations. The hydraulic data used are the same as in the containment assessment described 
above, additional transport data needed are provided in Appendix A8 of this report. The landscape 
dose conversion factors used are presented in Chapter 9 and in Appendix A9 of this report.

Forsmark
Figure 10‑5 shows the resulting mean annual effective dose at Forsmark, for a probabilistic calculation 
with failure times and geosphere transport data from the ten realisations of the semi-correlated DFN 
model. The first releases occur after around 114,000 years when the first canister fails. The dose is 
dominated by Ra-226. It stays well below, almost by two orders of magnitude, the regulatory limit.

Laxemar
Figure 10‑6 shows the resulting mean annual effective dose at Laxemar, for a probabilistic calculation 
with failure times and geosphere transport data from a realisation of the elaborated hydrogeological 
DFN model. The first releases occur already after 20,000 years when the first canister fails. The dose 
is dominated first by Nb-94 and later by Ra-226. Some time after 100,000 years the dose exceeds the 
regulatory limit and eventually grows to a level comparable to that due to the background radiation.

Following the assessment of some hypothetical cases where it is assumed that it would be possible to 
avoid deposition holes with high Darcy fluxes, presented in Table 10‑1, the retardation potential and 
risk estimates have also been made for the case where it is assumed that deposition holes with higher 
Darcy flux than 0.01 m/yr are rejected, see Figure 10‑7. The figure shows that applying such a 
criterion would reduce dose below the regulatory limit for the time when it is strictly applicable, but 
for later times the dose is still high. Applying an even stricter criterion, e.g. 0.001 m/yr will further 
reduce the mean annual dose, possibly even to very low values since Table 10‑1 suggests that no 
canister would fail then, but the cost in terms of losses of potential deposition holes and methodol-
ogy to be developed and verified is potentially quite high.
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Figure 10‑5. Mean annual effective dose at Forsmark for a probabilistic calculation of the central cor‑
rosion case. The legends are sorted according to descending peak mean annual effective dose during one 
million years (given in brackets in µSv).

Figure 10‑6. Mean annual effective dose at Laxemar for a probabilistic calculation of the central corrosion 
case. The legends are sorted according to descending peak mean annual effective dose during one million 
years (given in brackets in µSv).
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10.4	 Conclusions
According to the safety assessment methodology applied in SR-Site, the risk assessment is divided 
into two parts: analysis of containment potential and of retardation potential. For Forsmark, it is 
concluded in the SR-Site main report that the main contributor to risk is from the corrosion scenario, 
being the combination of loss of buffer due to ingress of dilute groundwater leading to advective con-
ditions in some deposition holes, followed by enhanced potential for canister corrosion, which in turn 
leads to a few canister failures and subsequent release and transport of radionuclides. Furthermore, 
this risk is essentially captured within the assessment of the main scenario, although there are 
some risk contributions from the additional cases considered in the canister corrosion scenario. For 
comparison between the sites it is thus judged fully sufficient to only compare the risk contributions 
arising from the main scenario and only for the issues of loss of buffer material and canister corrosion.

The analyses presented show that the safety functions for the buffer and the canister are breached for 
many more deposition holes at Laxemar than at Forsmark. This also implies that the calculated risk 
for Forsmark will be considerably lower than that for Laxemar. This is a central result from the point 
of view of long-term safety since the calculated risk is the primary acceptance measure according to 
Swedish regulations. 

Furthermore, the risk assessment for Laxemar, even if it is not complete, suggests that for a repository 
constructed at Laxemar, according to the current reference design, some time after 100,000 years 
the dose exceeds the regulatory limit and eventually grows to a level comparable to that due to the 
background radiation. However, this does not necessarily mean that a safe repository could not be 
constructed at Laxemar, but then design changes would be needed. As a demonstration of this latter 
conclusion, some hypothetical cases where it is assumed that it would be possible to avoid deposition 
holes with high Darcy fluxes are also analysed. Applying such criteria might reduce dose, potentially 
such that it meets the regulatory limit. Another theoretical possibility would be to place the repository 
at great depth, much below 700 m where the frequency of water conducting fractures possibly is much 
lower than at higher elevation. However, in practice the cost in terms of losses of potential deposition 
holes and methodology to be developed and verified is potentially quite high.
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Figure 10‑7. Mean annual effective dose at Laxemar for a probabilistic calculation of assuming that 
all deposition holes with Darcy flux above 0.01 m/yr are rejected. The legends are sorted according to 
descending peak mean annual effective dose during one million years (given in brackets in µSv).
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11	 Confidence in the site descriptive models

11.1	 Introduction
As set out in the geoscientific programme for investigation and evaluation of sites /SKB 2000/, the 
site investigations should continue until the reliability of the site description has reached such a level 
that the body of data is sufficient to adequately support safety assessment and repository engineer-
ing, or until the body of data shows that the site does not satisfy the requirements. Uncertainty and 
confidence assessments have been an integral part of the site descriptive modelling. For SDM-Site 
these assessments are reported in special reports for Forsmark /SKB 2008b/ and Laxemar /SKB 
2009e/, respectively.

11.2	 Safety relevance
As already discussed in previous chapters, only some site properties are important for the long-term 
safety. But it is also essential to develop sufficient understanding of the processes and mechanisms 
governing the general evolution of the site. This means that it is necessary to assess the uncertainties 
and the confidence in the modelling and address whether the confidence in the site descriptive 
model, with its uncertainties, is sufficiently high for this intended purpose. 

11.3	 Forsmark
The site descriptive modelling of the Forsmark site /SKB 2008a, Chapter 11/, generally judged that key 
aspects of the Forsmark site descriptive model, i.e. information needed for repository design and safety 
assessment, have a high level of confidence. Furthermore, in SR-Site main report, Section 15.3.6, 
it is concluded that the knowledge is sufficient for the assessment of long-term safety. The overall 
reason for this confidence is the relative wealth of data from the target volume and the consistency 
between independent data from different disciplines. It may also be added that the relative simplicity 
and homogeneity of the site, the lack of surprises and the consistent interpretations made from different 
disciplines enhances confidence.

Some uncertainties remain in the Forsmark site descriptive model as described in /SKB 2008b/. Most 
of the uncertainties concerning properties and processes inside the target volume are quantified or at 
least bounded by alternative models or assumptions. These uncertainties are propagated to repository 
engineering and safety assessment and are also assessed in previous chapters of this report. Uncertainties 
outside the potential repository volume are more substantial, but are judged to be of less importance for 
the design and long-term safety of the repository.

11.4	 Laxemar 
The site descriptive modelling of the Laxemar site /SKB 2009a, Chapter 11/, generally judged that 
key aspects of the Laxemar site descriptive model, i.e. information needed for repository design and 
safety assessment, have a high level of confidence even if details of the spatial variability are left 
unknown. The overall reason for this confidence is the spatial distribution of the data and the consist-
ency between independent data from different disciplines and the relatively robust geological model. 
However, the relatively heterogeneous geology and the high frequency of water conducting fractures 
make detailed predictions of local properties uncertain.

Some uncertainties remain in the Laxemar site descriptive model as described in /SKB 2009e/. Most 
of the uncertainties concerning properties and processes inside the target volume are quantified or at 
least bounded by alternative models or assumptions. These uncertainties are propagated to reposi-
tory engineering and safety assessment and are also assessed in previous chapters of this report. 
Uncertainties outside the potential repository volume are more substantial, but are judged to be of 
less importance for the design and long-term safety of a potential repository.
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11.5	 Conclusion
There is good confidence in the SDM at both sites. Confidence could only be significantly enhanced 
by data obtained from underground excavations. However, it must also be noted that the potential 
repository volume at Forsmark is more homogeneous, both in rock type distribution and in occur-
rence of water conductive fractures, than the Laxemar site. Heterogeneity is handled and described 
by stochastic modelling, but the smaller variability at Forsmark implies less uncertainty in the 
specific properties of a given location at Forsmark compared with Laxemar.
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12	 Conclusions

Based on experiences from SR-Can a number of issues related to long-term safety need to be consid-
ered in the context of comparing sites. For many issues the differences between the sites are small or 
insignificant for the site selection. This applies to: 

•	 Changing climate conditions may imply that during cold periods without ice sheets at the sites, 
permafrost and freezing of ground water reach greater depths at Forsmark than at Laxemar, but 
these differences have little significance for site selection.

•	 Rock mechanics conditions imply there is potential for thermally induced spalling at both sites. 
The likelihood and extent of the spalling is much less at Laxemar, but this adds little to risk.

•	 Earthquake-triggered, fast, shear movements along fractures intersecting a canister can affect the 
containment of the canister, but the risk contribution from earthquakes is judged similar for both sites.

•	  Neither of the sites has potential for ore, industrial minerals or commercial stones. 

•	 Chemical conditions affect the physical stability of bentonite, the corrosion of canisters and the 
transport of radionuclides. Very dilute groundwater may result in erosion of the buffer. At present 
there are samples with lower salinity at Laxemar when comparing the candidate repository depths 
of the two sites. In the future, most climatic changes will induce groundwater dilutions. Due to the 
low hydraulic conductivity of the repository volume at Forsmark it is possible that the groundwater 
salinity at the target repository volume in Forsmark could remain at the present levels over the 
whole glacial cycle, whereas at Laxemar as a whole, and in the fracture zones at Forsmark there 
will be a larger impact of the dilution processes resulting in lower salinities. At present the sulphide 
levels at Laxemar and Forsmark are not significantly different. The future evolution of sulphide 
concentrations is expected to be similar at both sites. Both sites have pH-buffering minerals in the 
fracture filling minerals, mainly calcite, indicating a good pH buffering capacity in the fractures of 
both sites. The content of Fe(II) in the rocks at Laxemar is about twice as high as that at Forsmark. 
However, the conceptual models of O2 consumption by Fe(II) in the rock matrix show that the 
larger reducing capacity is more than off-set by lower transmissivity of the fractures at Forsmark. 

•	 There are several site specific biosphere aspects that are important for the dose assessment but LDF 
values for Forsmark and indicatory LDF values for Laxemar are very similar. However, there are 
some differences between the sites that can be of relevance for their comparison. The assessment 
indicates that the Forsmark site will be submerged under sea or covered by ice for longer periods than 
Laxemar, most likely giving considerable lower doses for long time periods. Moreover, the potential 
for future agriculture in areas potentially affected by released radionuclides islower for Forsmark. 

•	 There is good confidence in the site descriptive model at both sites.

In contrast, there are important differences between the sites with respect to hydraulic properties. 
The hydrogeological conditions affect the stability of the buffer and the canister, and constitute direct 
input for radionuclide transport calculations. Hence these conditions affect radionuclide discharges 
from near-field and far-field, as well as associated doses in biosphere and the resulting risk.When 
the average conductive fracture frequency of the rock mass volumes between the deterministically 
modelled deformation zones is considered, it is observed that at Forsmark a clear distinction can 
be made between the rock above- and below 400 m elevation respectively, where the rock above is 
significantly more fractured than below. At Laxemar, the average conductive fracture frequency is 
greater at repository depth and there is also a considerable spatial variability between different parts 
of the considered rock mass volume. When hydraulic characteristics at repository depth are com-
pared in detail, it is found that Forsmark has a much lower average conductive fracture frequency 
(less than 0.01 m–1 compared with 0.06 m–1 to 0.23 m–1 at Laxemar). Mainly due to this difference, 
all hydrogeological measures and entities considered in this comparison are in favour of Forsmark. 
For example, in the temperate period simulations, the Darcy flux at the deposition hole locations (for 
fractures intersecting deposition holes) is approximately two orders of magnitude larger at Laxemar 
than at Forsmark. These conditions also affect the initial state, where it is expected that there will be 
a substantially greater loss of potential deposition positions at the Laxemar site. Furthermore there 
would be many more accepted deposition positions that would have inflows near the acceptability 
criterion at the Laxemar site, which has consequences for safety.
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Due mainly to the difference in hydraulic conditions, the safety functions for the buffer and the canister 
are breached for many more deposition holes at Laxemar than at Forsmark. Furthermore, the risk 
assessment for Laxemar suggests that for a repository at Laxemar, constructed according to the current 
reference design, the doses will exceed the regulatory limit already some time after 100,000 years and 
eventually grows to a level comparable to that due to the background radiation. However, this does not 
necessarily mean that a safe repository could not be constructed at Laxemar, but then design modifica-
tions would be needed. To illustrate this option, hypothetical cases assuming that deposition holes with 
high Darcy fluxes could be completely avoided have also been analysed. This could in theory reduce 
dose, potentially enough to meet the regulatory limit. Another theoretical possibility would be to locate 
the repository at a depth, exceeding 700 m, where the frequency of water conducting fractures possibly 
is much lower than at higher elevation. However, in practice the cost in terms of losses of potential 
deposition holes and methodology to be developed and verified is potentially quite high.

In summary, there are a number of safety related site characteristics for which the analyses do not 
show any decisive differences in terms of implications on safety, between the sites Forsmark and 
Laxemar. However, the frequency of water conducting fractures at repository depth is much larger at 
Laxemar than at Forsmark. This difference, in turn, affects the future stability of current favourable 
groundwater composition, which combined with the much higher flows at Laxemar would lead to a 
breach in the safety functions for the buffer and the canister for many more deposition positions at 
Laxemar than at Forsmark. Thereby the calculated risk for Forsmark will be considerably lower than 
that for Laxemar. From the safety perspective, therefore, Forsmark is clearly the most favourable site. 
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Appendix A

Geosphere and biosphere data as input to the Comparative 
analysis of safety related site characteristics
This appendix covers assessment and selection of Laxemar related input data used in the analyses 
presented in this report. Appendices A1 to A10 should be seen as complements to the SR-Site Data 
report /SKB 2010/ and provide Laxemar data, while the SR-Site Data report provides Forsmark data. 
These appendices only deal with site specific geosphere and biosphere data, while data on the spent 
fuel and engineered barrier, which are general, should be taken from the SR-Site Data report. As 
the Comparative analysis of safety related site characteristics has different objectives than SR-Site, 
these appendices do not necessarily provide all corresponding data to those found in the SR-Site 
Data report. Throughout these appendices the phrase “Comparative analysis” is used as short for 
“Comparative analysis of safety related site characteristics”.

Contents
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A1	 Groundwater chemical composition
This appendix describes the groundwater chemical composition data for Laxemar used in the 
Comparative analysis of safety related site characteristics. This appendix does not aim to present 
a complete set of groundwater chemical composition data, but only data of extra importance for 
the Comparative analysis.

There are two types of modelling activities that deal with groundwater chemical compositions: models 
that have as main purpose to calculate groundwater chemical compositions, and models that use 
groundwater chemical compositions as input conditions. From the perspective of assessing the long-
term safety of a KBS-3 repository, the most important parameters are the main chemical components 
which affect salinity and ionic strength, as well as sulphide, acidity, and redox parameters. The associated 
data are described in this appendix. 

An especially important parameter is the concentration of sulphide in the groundwater, as it affects 
copper corrosion which in turn affects the lifetime of the copper canisters. Because the amount of 
sulphide is affected by bacterial sulphate reduction, the sulphide concentration is evaluated using a 
different methodology than for the other species. The resulting data are discussed in this appendix.

The corresponding data for Forsmark, used in the SR-Site analysis, are reported in Section 6.1 of 
the SR-Site Data report /SKB 2010/. We have chosen not to repeat aspects and methodologies that 
are general for both sites, but instead to refer to the corresponding Forsmark text. Therefore, we 
recommend the reader to first examine Section 6.1 of the SR-Site Data report, and thereafter read 
this present text.

A1.1	 Modelling as input to the Comparative analysis of safety related site 
characteristics

This section describes what data are expected from the supplier, and in what modelling activity the data 
are to be used.

Defining the data requested from the supplier
Groundwater chemical compositions at the Laxemar site are generally calculated using the Phreeqc 
computational code /Charlton and Parkhurst 2002, Parkhurst and Appelo 1999/. This modelling 
requires mixing proportions and compositions of end-member groundwater components. The mixing 
proportions are obtained directly from, or are based on the results of, hydrogeological modelling 
described in Chapters A6 and A7. In addition, a thermodynamic database is needed, which is described 
in Section 3.4 and 6.1 of the SR-Site Data report /SKB 2010/. The same database has been used for 
both the Laxemar and Forsmark sites. As input to the Phreeqc modelling the supplier should deliver:

•	 The compositions of end-member groundwater components of Laxemar.

As output from the Phreeqc modelling the supplier should deliver:

•	 Results from the Phreeqc calculations, giving the concentrations of the main chemical components, 
for the rock volume surrounding the assumed repository. 

Models that use groundwater chemical compositions as input to the Comparative analysis require 
the following data concerning the main components:

•	 Statistics on the sum of the concentrations of main cations, expressed in charge equivalents as 
Σq[Mq+], where q is the cation charge number and M is the cation concentration (mol/m3).

•	 Maximum ionic strength (mol/m3). 

•	 Minimum and maximum ratio of Ca/Na concentrations.

•	 Minimum and Maximum pH.

•	 Minimum and maximum total inorganic carbon concentration (mol/m3).

•	 Redox potential statistics, Eh (V).

•	 Sulphide concentration statistics (mol/m3).
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The sulphide concentration is affected by bacterial processes. Although the sulphide concentration 
is modelled with Phreeqc, different assumptions give different data ranges. Therefore, the results 
need to be complemented by measurement data and observations from the site investigation and 
the monitoring programmes. 

Other data related to groundwater compositions, which are used as input to the Comparative analysis, 
are taken directly from the Laxemar site description reports /Drake and Tullborg 2009, Gimeno et al. 
2009, Hallbeck and Pedersen 2008, Kalinowski 2009, Laaksoharju et al. 2009, Waber et al. 2009/ 
and are not discussed in this appendix.

Modelling activities in which data will be used
Groundwater compositions under different climatic conditions can be estimated using chemical mixing 
and equilibrium reaction calculations performed with the Phreeqc computational code. This modelling 
activity needs mixing proportions from the hydrogeological modelling, end-member compositions, and 
thermodynamic data as inputs. For the temperate period, mixing proportions from the hydrogeological 
modelling are taken directly from the Hydrogeological base case /Joyce et al. 2010/, which is based on 
the SDM-Site version of the Laxemar site-descriptive modelling /Rhén and Hartley 2009/. As described 
in Chapter A6, it has later been chosen to propagate the Elaborated Hydro-DFN case, and not the 
Hydrogeological base case. This inconsistency has been judged to be acceptable. For the periglacial 
and glacial periods, the outputs from the hydrogeological modelling /Vidstrand et al. 2010/ are salini-
ties, which have been transformed into mixing proportions by /Gimeno et al. 2010/. 

The Phreeqc modelling has been performed for different times of the temperate period and for different 
events (depending mainly on the ice location) of the periglacial and glacial period /Gimeno et al. 2010/. 
The choices of these times and events are determined by previous hydrogeological modelling 
(cf. Chapter A6). 

The output from the Phreeqc modelling, in terms of concentrations of the main components, is mainly 
use as a basis for estimating erosion of the bentonite buffer. It is also used as supporting data when 
estimating radionuclide sorption parameters for a few radioelements (cf. Chapter A8). The concentra-
tions can also be used for assessing solubility limits of radioelements inside of a failed canister, which 
may subsequently be used for assessing the source term in radionuclide transport modelling.

In the case of sulphide, the groundwater data obtained during the site investigation and the monitoring 
programmes are evaluated to provide a set of selected data. The data, presented as a statistical dis-
tribution, are used as input to assess the corrosion of copper canisters. These data are complemented 
with data from Phreeqc modelling of sulphide for the complete glacial cycle in Laxemar.

A1.2	 Supplier input on use of data in the Comparative analysis
The supplier notes that for the main groundwater chemical components, the provided variability of 
compositions and ionic strengths is highly conditioned by the results of the hydrogeological models, 
but that they nevertheless reflect on qualitatively the conceptual models of the Laxemar site. The results 
indicate somewhat more diluted groundwaters at the Laxemar site compared to the Forsmark site. 
The sulphide concentrations are taken from selected measured values at present day conditions. 
These concentrations are similar to those measured at the Forsmark site. 

 
A1.3	 Sources of information and documentation of data qualification
Sources of information 
The main sources of information are the hydrogeochemical modelling performed for Laxemar and 
reported in /Gimeno et al. 2010/, as well as the selection of representative sulphide data reported in 
/Tullborg et al. 2010/. The full references of these reports are given in Table A1‑1.

The thermodynamic database used in the calculations of groundwater chemical compositions is the 
same for both Laxemar and Forsmark, and is discussed in Sections 3.4 and 6.1 of the SR-Site Data 
report /SKB 2010/ and is not further discussed here.
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The hydrogeological modelling results /Joyce et al. 2010, Vidstrand et al. 2010/ , which are used as 
input for the mixing calculations reported in /Gimeno et al. 2010/, are discussed in Chapters A6 and A7.

Categorising data sets as qualified or supporting data 
The most important data sets related to groundwater chemistry are listed in Table A1‑2, wherein 
arguments are provided for the categorisation into qualified or supporting data sets. 

Excluded data previously considered as important
Concerning the sulphide concentration, the categorisation of all samples from the site investigation 
and monitoring programmes /Smellie and Tullborg 2009/ has been revised in /Tullborg et al. 2010/ 
with emphasis on the Fe(II) and sulphide data. In some cases, data previously labelled as representa-
tive when considering only major groundwater components have been deemed as less representative 
for trace elements such as Fe(II), sulphide, Mn(II), dissolved organic carbon, etc.

No other data have been excluded that previously had a significant impact on the perception of the 
appropriate choice of data values or of modelling approaches.

Table A1-1. Main sources of information used in data qualification.

Gimeno M J, Auqué, L, Gómez J, Salas J, Molinero J, 2010. Hydrogeochemical evolution of the Laxemar site. 
SKB R-10-60, Svensk Kärnbränslehantering AB.
Tullborg E-L, Smellie J, Nilsson A-C, Gimeno M J, Brüchert V, Wallin B, Molinero J, 2010. Sulphide contents in the 
groundwater at Laxemar. SKB R-10-62, Svensk Kärnbränslehantering AB.

Table A1-2. Qualified and supporting data sets.1 2

Qualified data sets Supporting data sets

1. /Gimeno et al. 2010/, Table 4-3: Equilibrated end- mem-
bers compositions, calculated with the coupled database 
used for the geochemical simulations. Used for Base case 
and variant cases 1 and 2.
2. /Gimeno et al. 2010/, Table 7-1 and appendix 2: 
Maximum and minimum values and statistics of the main 
geochemical parameters obtained from Phreeqc calcula-
tions for the Base case over the complete glacial cycle in 
Laxemar. 
3. /Gimeno et al. 2010/, section 7.4.2 and appendix 2: Eh 
values for the complete glacial cycle in Laxemar.
3. /Gimeno et al. 2010/, section 7.2 and appendix 2: 
Cation charge equivalents for the complete glacial cycle in 
Laxemar.  
4. /Tullborg et al. 2010/, set of sulphide concentrations 
selected as representative of the present day groundwater 
compositions at Laxemar.

5. The ChemNet data1

6. Sicada delivery2 all groundwater data from Laxemar 
containing sulphide analyses.

Items 1-4: /Gimeno et al. 2010/ and /Tullborg et al. 2010/ are SKB reports for the Laxemar site that are produced and 
reviewed in accordance with the SKB’s quality assurance system, and therefore these data are judged as qualified.
Items 5-6 are the complete data sets on which the selection of representative sulphide data in /Tullborg et al.2010/ 
is based. These data sets are quality assured /Smellie and Tullborg 2009/ but not qualified for the purpose of directly 
performing a comparative analysis of sulphide concentrations between the Laxemar and Forsmark sites.

1  Simon Database: file "Laxemar 2_3_2008_28May(PROJECTPLACE).xls" (access might be given on request).
2  Sicada Data Delivery, 10-093 (access might be given on request).
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A1.4	 Conditions for which data are supplied
Concerning the main geochemical parameters, estimated through Phreeqc modelling, the data are 
highly conditioned by the hydrogeological modelling providing mixing proportions /Joyce et al. 2010/ 
or salinities /Vidstrand et al. 2010/. Conditions for the hydrogeological modelling are outlined in 
Chapters A6 and A7. The hydrogeological modelling dictates the coordinates for the Phreeqc model-
ling. However, only subsets of all the coordinates are used in the Phreeqc modelling, representing 
three different rock volumes /Gimeno el at. 2010, Section 4.1.3/:

•	 All data points (coordinates) at repository depth, which means a complete horizontal slice at 
500 ± 60 m depth.

•	 A subset of the above data including the data points within the candidate repository volume 
(included in the domain inside the following coordinates: [1546.40, 6367.62, –0.5]; [1550.05, 
6367.62, –0.5]; [1550.05, 6365.00, –0.5]; and [1546.40, 6365.00, –0.5]). These data are used 
when presenting statistics for the main components. 

•	 A vertical slice approximately parallel to the shoreline (NW: 1,544,500 m / 6,370,000; SE: 
1,551,500 m / 6,363,025), through boreholes KLX13A, KLX18A, the entrance to the repository, 
and boreholes KLX12A and KLX056.

The data are also conditioned by the used end-member compositions. For Laxemar the following 
five end members are used /Gimeno et al. 2010, Section 4.2/:

•	 Deep Saline end member.
•	 The Old Meteoric end member.
•	 Glacial end member.
•	 Littorina end member.
•	 Altered Meteoric end member.

A basis for defining the end-member compositions are the assumptions of with which minerals the 
water is equilibrated. Examples of such minerals are calcite, hematite, quartz etc. Conditions for 
each end member are discussed in /Gimeno et al. 2010, Section 4.2.2.2/.

The redox potential is sensitive to equilibration with different minerals, and also to the presence 
of absence of sulphate-reducing bacteria. The use of hematite or FeS(am) as equilibrating minerals 
represents two alternative groundwater states. Equilibrium with hematite implies a situation where the 
redox state is not affected by sulphate-reducing bacteria, while equilibrium with FeS(am) characterises 
a situation with significant activity of sulphate-reducing bacteria. The existence of hematite has been 
described at all depths in the fracture fillings /Drake and Tullborg 2009/ and FeS(am) equilibrium 
situations have been identified in the groundwaters from Laxemar /Gimeno et al. 2009/. Thus, both 
geochemical cases have been evaluated through two geochemical variant cases. It should also be 
pointed out that both phases coexist in some sections in Laxemar (and Forsmark), so the poising of 
the redox state by one of them is a matter of choice rather than the result of sulphate reducing bacteria 
activity. Apart from these two cases, an additional variant has also been tested considering the possible 
control of Eh by the Fe(OH)3/Fe2+ redox pair mantaining homogeneous redox disequilibrium and, 
therefore, using the un-coupled thermodynamic database. See /Gimeno et al. 2010/ for details. 

Concerning sulphide concentrations, data are based on on measurements and observations from the 
site investigation and monitoring programmes. Thus the data represent present day conditions. To 
assure that the representativity of the measured data is as good as possible, a selection of data has 
been performed in /Tullborg et al. 2010/, with focus on Fe(II) and sulphide data. 

The sulphide concentrations over the complete glacial cycle have been modelled using Phreeqc. 
Figure A1‑1 (upper left) shows how well modelling results at year 2000 AD correspond to measure-
ment results (red dots). Variant case 1 modelling results are displayed by light grey symbols while 
variant case 2 results are displayed by dark grey symbols. Figure A1‑1 (upper right) shows box-and-
whisker plots for the sulphide concentration of the three variant cases at 2000 AD, as compared to 
the Base case (including both variant cases 1 and 2). The boxes represent the 25 and 75% percentiles 
while the whiskers represent the 5 and 95% percentiles. Figure A1‑1 (lower) shows box-and-whisker 
plots for the Base case sulphide concentrations at 2000, 5000, 10,000 and 15,000 AD, as well as for 
different glacial events. 
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Figure A1‑1 aims to illustrate that the measured present day sulphide concentrations bracket the 
upper sulphide concentration range over the glacial cycle, including the periglacial and submerged 
periods (cf. Figures 5-20 to 5-24 of /Gimeno et al. 2010/). Therefore, it would be cautious to assume 
that sulphide concentrations in the upper concentration range at present day conditions prevail 
throughout the glacial cycle.

 
A1.5	 Conceptual uncertainty
There is no conceptual uncertainty that is specific for the Laxemar site. Therefore, the reader is referred 
to the conceptual uncertainty discussion in Section 6.1.6 of the SR-Site Data report /SKB 2010/.

 

Figure A1‑1. Upper left: Measured sulphide concentrations (red dots) vs. modelling results at 2000 AD. 
Upper right: Modelled sulphide concentrations at 2000 AD for the Base case and variant cases 1, 2, and 3. 
Lower left: Modelled sulphide concentrations for the Base case during the temperate period. Lower right: 
Modelled sulphide concentrations for the Base case during the different glacial events. Reproduced from 
Figures 5-17, 5-18, 5-19, and 5-21 of /Gimeno et al. 2010/.
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A1.6	 Data uncertainty due to precision, bias, and representativity
General data uncertainty issues associated with groundwater chemical composition data are 
described in detail in Section 6.1.7 of the SR-Site Data report. Overall it is judged that the data 
supplied for Laxemar and Forsmark have a similar degree of data uncertainty. Sources of data 
uncertainty are shortly outlined in the below bullet list, wherein site specific references are given. 

•	 Uncertainty in the mixing proportions: Mixing proportions, or salinities which are subsequently 
transferred into mixing proportions, are provided by the hydrogeological modelling. Uncertainties 
associated with the hydrogeological modelling are discussed in Sections A6.6 and A7.6, but also 
in Sections 6.6.7 and 6.7.7 of the Site Data report /SKB 2010/. The hydrogeological modelling 
of the temperate period in Laxemar is discussed in /Joyce et al. 2010/, while the modelling of the 
periglacial and glacial periods is discussed in /Vidstrand et al. 2010/. In /Gimeno et al. 2010/ this 
modelling is discussed in the context of groundwater chemical composition modelling. 

•	 Uncertainty in the compositions of end-member groundwater components: Uncertainties in the 
composition of end members directly influence the uncertainty of the simulated groundwater 
compositions. The chemical composition of the end members has been updated in /Gimeno et al. 
2010, Section 4.2/ using those estimated for SR-Can and reported in /Auqué et al. 2006/ as the 
starting point. As a basis for estimating the compositions are assumptions on with which minerals 
the groundwater is equilibrated.

•	 Uncertainties in the thermodynamic database: Such uncertainty is discussed in Sections 3.4 and 
6.1 of the SR-Site Data report /SKB 2010/, which is referred to. 

•	 Uncertainty in site investigation data: Groundwater chemical composition data from the site 
investigations are used to calibrate the hydrogeological modelling, as well as for estimating the 
composition of end members, which are in turn used to assess the future groundwater composi-
tion. Therefore, such uncertainty is propagated in an indirect manner to the output of Phreeqc 
modelling. General uncertainty in site investigation data is outlined in the SR-Site Data report 
/SKB 2010, Section 6.1/ and in the site-description modelling report /Laaksoharju et al. 2009/ 
and references therein. 

•	 Uncertanities in redox conditions: Redox parameters are sensitive to equilibration with certain 
minerals, as well as to sulphate reducing bacterial processes. This is handled by intruding three 
variant cases in the Phreeqc modelling (cf. Section A1.4), whereof variant cases 1 and 2 are 
included in the Base case. 

•	 Uncertainties in sulphide concentration: The sulphide data set is based on selected sulphide 
concentrations obtained in the site investigation and monitoring programmes, which means that 
they should represent present day conditions. In the process of selecting the data, some data points 
have been discarded, as they are judged to be contaminated or otherwise non-representative. Some 
of these discarded data points show higher sulphide concentrations than those finally selected, and 
therefore a detailed discussion on the selection procedure is given in /Tullborg et al. 2010/. It is 
judged that this selection procedure should constrain the degree of bias in the data, and assure that 
they represent the in situ groundwater to the best degree possible. There is a representativity issue 
concerning whether the data may be used for entire safety assessment period. Based on Phreeqc 
modelling (cf. Section A1.4) it is judged that the measured data in the upper sulphide concentration 
range bracket the upper sulphide concentrations over the glacial period. 

A1.7	 Spatial and temporal variability of data
Spatial variability
The spatial variability of the concentrations of main components is handled by modelling groundwater 
compositions for tens of thousands of coordinates in the rock volume surrounding the repository 
/Gimeno et al. 2010/. This modelling is performed by using Phreeqc using mixing proportions as 
inputs. The grid providing the coordinates is determined by the hydrogeological modelling /Joyce 
et al. 2010, Vidstrand et al. 2010/. Table A1‑3 shows an excerpt of an output file of a Phreeqc simula-
tion, where selected data for seven, out of the tens of thousands, modelled coordinates are displayed. 
The upper left field shows the coordinates and the upper right field the mixing proportions supplied 
from the hydrogeological modelling. The lower field shows resulting concentrations of the some 
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of the concerned main component (in this example Ca2+, Cl–, Na+, HS– and total inorganic carbon 
are shown), as well as the pH, pe and ionic strength. The complete output file includes many more 
columns than shown in Table A1‑3 (cf. /Gimeno et al. 2010/).

The chemical compositions of groundwaters in a fractured rock such as Laxemar may show a strong 
spatial variability over short distances (tens of metres), as some of the data from the Äspö Hard Rock 
Laboratory indicate. However, over longer distances overall patterns may appear, for example the 
general salinity increase with depth. Such general trends are illustrated in Figure A1‑2, showing 
concentrations of Ca2+ and Na+ for the Laxemar site. The red dots shows measured data, while 
the grey squares show Base case modelling results at 2000 AD.

Table A1-3. Example of results from Phreeqc calculations, showing groundwater data for seven 
out of tens of thousands of coordinates. The complete results include more columns with other 
data not specifically requested in this appendix.

Row X(km) Y(km) Z(km) Brine Littorina DGW Glacial PoreWater

1 1,549.55 6,365.01 –0.4403 5.4·10–03 7.8·10–03 9.6·10–01 1.3·10–02 1.1·10–02

2 1,549.83 6,365.01 –0.441 9.2·10–04 2.5·10–03 9.9·10–01 3.9·10–03 1.9·10–03

3 1,549.87 6,365.01 –0.4411 9.4·10–04 2.5·10–03 9.9·10–01 3.9·10–03 1.9·10–03

4 1,549.91 6,365.01 –0.4411 1.0·10–03 2.6·10–03 9.9·10–01 4.2·10–03 2.1·10–03

5 1,549.55 6,365.05 –0.4405 6.0·10–03 7.3·10–03 9.6·10–01 1.4·10–02 1.1·10–02

6 1,548.91 6,365.09 –0.4403 1.5·10–02 1.1·10–02 9.1·10–01 3.2·10–02 3.0·10–02

7 1,549.55 6,365.09 –0.4403 6.0·10–03 8.1·10–03 9.6·10–01 1.5·10–02 1.2·10–02

mCa mCl mNa mHS– mC pH Pe IonicStr

1 2.6·10–03 9.5·10–03 8.0·10–03 9.3·10–05 3.9·10–03 7.33 –3.60 1.71·10–02

2 6.4·10–04 2.4·10–03 5.5·10–03 7.7·10–05 4.2·10–03 7.82 –4.19 8.44·10–03

3 6.5·10–04 2.4·10–03 5.5·10–03 7.7·10–05 4.2·10–03 7.81 –4.18 8.47·10–03

4 6.9·10–04 2.6·10–03 5.6·10–03 7.7·10–05 4.2·10–03 7.79 –4.15 8.67·10–03

5 2.9·10–03 1.0·10–02 8.1·10–03 9.1·10–05 3.9·10–03 7.30 –3.56 1.79·10–02

6 7.1·10–03 2.3·10–02 1.2·10–02 1.0·10–04 3.5·10–03 7.06 –3.09 3.46·10–02

7 2.9·10–03 1.0·10–02 8.2·10–03 9.4·10–05 3.9·10–03 7.30 –3.56 1.81·10–02

X (km), Y (km), Z (km) are the coordinates for the simulated groundwater composition.
Brine, Littorina, DGW, Glacial, PoreWater are the mixing proportions of the end-member groundwater components (note 
that the names mismatch those used in /Gimeno et al. 2010/). 
mCa, mCl, mNa, and mHS– are the concentrations (mol/dm3) of the solutes. mC is the concentration of total inorganic carbon.
pH, pe, and IonicStr are the pH, redox potential, and ionic strength (mol/dm3).

Figure A1‑2. Distribution of sodium and calcium concentrations in the groundwater at Laxemar with respect 
to depth. Measured data from groundwater samples in red dots and modelled data for the year 2000 AD in 
grey squares. 
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Figure A1‑3. The concentration of sulphide vs. elevation at the Laxemar site. Only the selection of 
representative samples is displayed in the plot.31

3  SKBdoc 1262945 (access might be given on request).

From the results of the Phreeqc simulations the spatial variability of the concentrations can be 
examined. In /Gimeno et al. 2010/ a multitude of figures can be found illustrating this. The spatial 
variability of the Phreeqc modelling results reflects on the spatial variability of the flow field in 
the hydrogeological modelling. 

The sulphide concentrations being selected as representative in /Tullborg et al. 2010/ indicate a 
significant spatial variability, over four orders of magnitude, but no apparent trend can been seen. 
Figure A1‑3 illustrates this by showing the sulphide concentration vs. elevation. This apparent absence 
of trends perhaps reflects on that the processes controlling the sulphide concentrations are widely 
distributed, and that the data are distributed over a relatively large rock volume.

Temporal variability
The temporal variability is handled by performing Phreeqc simulations at a number of different 
times and different climate domains, as dictated by the hydrogeological modelling. The approach 
used in Laxemar is quite similar to that used for Forsmark, and therefore Section 6.1.8 in the SR-Site 
Data report /SKB 2010/ is referred to. 

For the sulphide concentrations, it is argued in Section A1.4 that the same set of sulphide data can 
cautiously be used throughout the glacial cycle. 

A1.8	 Correlations 
There is no correlation that needs to be propagated to subsequent copper corrosion or radionuclide 
transport modelling. 

 
A1.9	 Supplier’s qualified data sets
End-member compositions
The end-member components used for the Laxemar site are justified in /Gimeno et al. 2010, Section 4.2/ 
and shown in Table A1‑4. The data are reproduced from Table 4-3 of /Gimeno et al. 2010/.
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Main chemical components
The Phreeqc results from the numerous of modelling cases presented in /Gimeno et al. 2010/ are 
stored as tabulated data files in /SKBdoc 1262945/. Table A1‑3 shows an excerpt of one of these 
output files. Statistical results from the different cases are tabulated in appendix 2 of /Gimeno et al. 
2010/. Based on the statistical results, box-and-whisker plots can be made. Figure A1‑4 shows the 
sum of concentrations of the main cations expressed as charge equivalents Σq[Mq+] for different time 
periods and events of the glacial cycle. 

The following specific parameters concerning the main chemical components are requested in 
Section A1.1: Minimum and maximum ratio of Ca/Na concentrations; minimum and maximum pH, 
minimum and maximum total inorganic carbon concentration, and maximum ionic strength. These 
data are reproduced from /Gimeno et al. 2010, Table 7‑1/ in Table A1‑5. The data represents the Base 
case for the complete glacial cycle inside the candidate repository volume at Laxemar. 

In /Gimeno et al. 2010/, many more modelling cases than those shown in Table A1‑5 are presented. 
However, the cases of Table A1‑5 are judged to be representative for the complete glacial cycle in 
/Gimeno et al. 2010, Chapter 7/.

Redox potential
Figure A1‑5 shows box-and-whisker plots of the redox potential Eh for different time periods and events 
of the glacial cycle. The underlying numerical data are found in appendix 2 of /Gimeno et al. 2010/.

Sulphide concentration
The sulphide concentration, based on selected measurement data /Tullborg et al. 2010/, is presented 
in as a cumulative distribution function in Figure A1‑6. The numerical data are found in /SKBdoc 
1262945/. The maximum sulphide concentration in the figure is 7.5·10–5 mol/l. For comparison, 
the cumulative distribution function of SR-Can is shown. 

Table A1-4. Equilibrated end members, calculated with the coupled database used for the 
geochemical simulations. Units in molal (mol/kg) except for pH, temperature (°C), and pe. Data 
are reproduced from /Gimeno et al. 2010, Table 4-3/.

Deep Saline Old Meteoric Glacial Littorina Altered Meteoric

pH 8.00 8.64 9.30 7.95 7.84
T 15 15 15 15 15
pe –4.45 –5.12 –5.26 –4.42 –1.05
Al 7.37·10–9 1.21·10–6 5.21·10–6 3.25·10–7 2.03·10–7

Br 4.16·10–3 2.81·10–4

C 3.68·10–5 6.91·10–4 8.52·10–5 1.63·10–3 4.26·10–3

Ca 0.49 5.26·10–4 7.18·10–5 3.87·10–3 1.79·10–4

Cl 1.37 6.49·10–4 1.41·10–5 0.19 6.49·10–4

F 8.64·10–5 2.03·10–4 2.61·10–5 2.03·10–4

FeTot 2.53·10–7 5.72·10–9 8.00·10–7 8.26·10–6 1.79·10–6

K 8.22·10–4 7.60·10–5 1.02·10–5 3.47·10–3 7.60·10–5

Li 6.86·10–4 1.59·10–6 1.02·10–5 1.59·10–6

Mg 8.95·10–5 1.48·10–4 4.11·10–6 1.87·10–2 1.48·10–4

Mn 2.62·10–6 1.06·10–6 1.06·10–6

Na 0.38 4.79·10–3 7.40·10–6 0.16 4.79·10–3

SO4
2– 9.68·10–3 3.73·10–4 5.31·10–6 9.39·10–3 3.73·10–4

Si 8.81·10–5 1.42·10–4 1.67·10–4 1.28·10–4 1.35·10–4

Sr 3.95·10–3 3.10·10–5
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Table A1-5. Minimum and maximum values of the main geochemical parameters obtained for 
the Base case over the complete Glacial Cycle in Laxemar. Data reproduced from Table 7-1 of 
/Gimeno et al. 2010/.

Max 
Ca/Na

Min  
Ca/Na

Max 
pH

Min 
pH

Max total  
inorganic carbon 
(kmol/m3)

Min total  
inorganic carbon 
(kmol/m3)

Max ionic 
strength 
(kmol/m3)

Temperate 2000 AD 1.25 0.105 8.14 6.77 4.24·10–03 5.61·10–05 4.63·10–01

Temperate 15,000 AD 1.205 0.063 8.11 6.8 4.33·10–03 6.84·10–05 4.13·10–01

Glacial (stage IIa) 3.7 0.076 9.64 6.54 4.31·10–03 4.84·10–05 3.75·10–01

Glacial (stage Vr) 25 0.093 9.7 8.03 3.83·10–03 8.75·10–05 6.53·10–03

Permafrost 0 (before 
onset of glaciation)

0.93 0.23 7.54 6.84 4.12·10–03 3.49·10–03 6.69·10–02

Permafrost IV (before 
onset of glaciation

4.166 0.425 9.66 7.84 1.32·10–03 1.44·10–04 1.30·10–02

Submerged glacial lake 1.388 0.725 9.26 7.25 1.78·10–03 5.92·10–05 3.65·10–02

Submerged seawater 1.265 0.051 8.29 6.83 3.96·10–03 5.38·10–05 4.38·10–01

Figure A1‑4. Concentration of the main cations expressed as charge equivalents Σq[Mq+] obtained for 
the Base case over the complete glacial cycle. Concentrations are modelled for the temperate (upper 
left), glacial (lower left), glacial + permafrost (upper right), and submerged (lower right) periods for the 
groundwaters located within the candidate repository volume at Laxemar. The safety function indicator 
criteria of Σq[Mq+] > 4 mM is indicated in the upper left figure. Boxes represent 25 and 75% percentiles. 
Whiskers represent 5% and 95% percentile. The crosses and horrizontal bars represent the 1% and 99% 
percentiles and the min and max values, respectively. Modified from Figure 7-1 of /Gimeno et al. 2010/. 
Numerical data are found in appendix 2 of /Gimeno et al. 2010/. 



12	 TR-10-54

Figure A1‑5. Redox potential Eh (mV) obtained for the Base case over the complete glacial cycle. Data 
are modelled for the temperate (upper left), glacial (lower left), glacial + permafrost (upper right), and 
submerged (lower right) periods for the groundwaters located within the candidate repository volume 
at Laxemar. Legends are explained in Figure A1‑3. Modified from Figure 7-5 of /Gimeno et al. 2010/. 
Numerical data are found in appendix 2 of /Gimeno et al. 2010/. 

Figure A1‑6. The cumulative distribution function of sulphide concentrations (in mol/L) at Laxemar for 
the samples selected as being representative in /Tullborg et al. 2010/.
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A1.10	 Data recommended for use in the Comparative analysis
Table A1‑4 presents the Laxemar end-member compositions used as input in the Phreeqc modelling. 
The output results from the Phreeqc modelling presented in /Gimeno et al. 2010/ are stored in 
SKBdoc 1262945. 

Table A1‑5 presents requested minimum and maximum values of main chemical components. 
Figure A1‑3 and Figure A1‑4 present box-and-whiskers plots of the sum of the concentrations of 
main cations expressed as charge equivalents, and of the redox potential Eh. Underlying numerical 
data are found in appendix 2 of /Gimeno et al. 2010/. 

Figure A1‑6 shows the cumulative distribution function of sulphide. The numerical data are stored in 
SKBdoc 1262945.

All of these data are recommended for use in the Comparative analysis. 
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A2	 Bedrock thermal properties
In the present appendix, thermal properties of the rock, that is rock thermal conductivity, rock heat 
capacity, thermal diffusivity, and thermal expansion coefficient, as well as the temperature at repository 
depth, are presented. These data are mainly needed for evaluating the impact of the thermal load 
from the spent fuel, which has bearing on the spacing between canister positions in the repository. 
The bentonite buffer temperature must not exceed 100°C for any canister deposited. A temperature 
margin including uncertainties is therefore also presented.

The thermal properties of the rock are also needed when assessing the long-term thermal evolution 
of the repository, caused by climate changes. In this appendix, data on thermal rock properties, 
including geothermal gradient, geothermal surface heat flow and internal heat generation, will also 
be discussed also in this context. 

Furthermore, analyses of the thermo-hydro-mechanical (THM) evolution of the repository require 
thermo-mechanical parameters. The coefficient of thermal expansion is one such parameter, and is 
given in this section, whereas other mechanical input data are discussed in Chapter A4. 

In the SR-Site Data report /SKB 2010, Section 6.2/ the corresponding data are given for the 
Forsmark site. 

A2.1	 Modelling as input to the Comparative analysis of safety related site 
characteristics 

This section describes what data are expected from the supplier, and in what modelling activities 
the data are to be used. 

Defining the data requested from the supplier
The following data should be delivered for the potential repository area at the Laxemar site by 
the supplier:

•	 Spatial distribution of the thermal conductivity λ (W/(m·K)) and its potential anisotropy, with cor-
rection for temperature and with uncertainty estimates. Different data sets may have to be given 
for different rock volumes. Especially the lower tail of the distribution is of concern since this is 
of central importance for assessing the canister spacing with respect to the temperature criterion. 

•	 Spatial distribution of heat capacity C (J/(m³·K)), with correction for temperature and with 
uncertainty estimates. Different data sets may have to be given for different rock volumes. 

•	 In situ temperature T (°C) at repository depth, with uncertainty estimates.
•	 Thermal expansion coefficients α (m/(m·K)) for significant rock types, with uncertainty estimates.
•	 Site-specific temperature margin (°C) data (margin up to 100°C) in the thermal dimensioning of 

the repository. The margin constitutes of both general and site-specific uncertainties. Different data 
sets may have to be given for different rock volumes. The value given constitutes the uncertainty.

In addition the following data should be delivered for the long-term evaluation caused by climate 
changes by the supplier:

•	 Mean value of the thermal conductivity λ (W/(m·K)) and its potential anisotropy, with correction 
for temperature and with uncertainty estimates. Different data sets may have to be given for 
different rock volumes, inside and outside the focused area at Laxemar. 

•	 Mean value of the heat capacity C (J/(m³·K)) with correction for temperature and with uncertainty 
estimates. Different data sets may have to be given for different rock volumes, inside and outside 
the focused area. 

•	 Mean value of the thermal diffusivity κ (m2/s). Different mean values may have to be given for 
different rock volumes. 

•	 Mean value of the internal heat generation (μW/m³) with uncertainty estimates. Different data 
sets may have to be given for different rock types. 

•	 Mean value of the geothermal gradient (°C/m).
•	 Mean value of the geothermal surface heat flow (mW/m2) with uncertainty estimates.
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The data should originate from the site investigations and from the assessment of the site investigation 
data presented in Chapter 6 of the Laxemar site-descriptive model report, SDM-Site /SKB 2009a/, 
and its lower level references. Note that pessimistic considerations taken when assessing the peak 
temperature of the buffer may not necessarily be pessimistic when assessing the in situ temperature 
as impacted by climate change.

Modelling activities in which data will be used
Modelling the thermal evolution of the repository is focused on assessing the impact of the heat gener-
ated by the spent nuclear fuel. Of particular concern is to assess the peak temperature of the buffer, 
since it must not exceed 100°C. The temperature field around a canister is dependent on the rock 
thermal conductivity and the distance to neighbouring canisters. Rock having low thermal conductivity 
will require larger distances between canisters than high conductivity rock. There are uncertainties asso-
ciated with calculation of the peak buffer temperature, so that a margin to the design threshold (100°C) 
must be established. Establishing a safe, yet not overly pessimistic, margin is an important issue. 

The modelling of the thermal evolution of the near-field is based on a combination of analytical and 
numerical approaches as further described by /Hökmark et al. 2009/. The peak buffer temperature is 
calculated as a function of the canister spacing, the tunnel spacing, and the rock thermal properties, 
whereas a set of fixed assumptions are made for the conditions in the interior of the deposition holes 
(cf. Section 6.2.1 of the SR-Site Data report /SKB 2010/). These assumptions are relevant for dry 
deposition holes in which the temperatures will tend to be particularly high. This modelling approach 
has been used for dimensioning the repository, as further described in the Site engineering report for 
Laxemar /SKB 2009b/. However, as input to the Comparative analysis the objective of this appendix 
is to assess the thermal evolution for this selected design, and also to provide input to the THM analyses 
of the rock presented by /Hökmark et al. 2010/. The overall thermal evolution during the glacial cycle 
is in the THM-analyses assessed by the 3DEC code, as further described by /Hökmark et al. 2010/. 
The thermal property input needs to this modelling is covered by the input needs of the buffer peak 
temperature modelling. Thermo-mechanical models used in the Comparative analysis are described 
in Chapter A4. 

The thermal properties are also used to assess the large-scale and long-term thermal evolution caused 
by climate changes. Note that thermal data for this purpose are required for a much larger area and at 
a larger scale compared to modelling of the peak buffer temperature in the repository. The demands, 
e.g. on describing the spatial distribution, are on the other hand much lower. Only mean and uncertainty 
estimates are required. The thermal evolution of the repository, as impacted by climate changes, is 
discussed in Chapter 3 of this present report. 

A2.2	 Supplier input on use of data in the Comparative analysis
The data supplied in this section depend on the rock and mineral composition as well as the spatial 
variability of these properties. In the context of thermal properties, the rock and mineral composition 
of the two sites is rather different. Therefore, the data supplied for Laxemar are different to those 
recommended for Forsmark in Section 6.2 of the SR-Site Data report /SKB 2010/.

A2.3	 Sources of information and documentation of data qualification
Sources of information
Main sources of information on thermal properties used in data qualification are described in 
Table A2‑1. In the thermal site descriptive modelling (SDM-Site) a large number of realisations 
of thermal properties are produced from stochastic modelling. These realisations are the basis for 
the description of thermal properties on domain level in the site descriptive modelling reports, see 
Table A2‑1. However, the thermal property realisations (see Table A2‑8 in Section A2.9) are directly 
used in the thermal dimensioning as described in Section A2.1.

Within the publications listed in Table A2‑1, references to relevant lower level documents can be found. 
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Categorising data sets as qualified or supporting data
Qualified and supporting thermal data sets are displayed in Table A2‑2 and numbered from 1 to 15. 
Detailed comments to the data sets are given in Table A2‑3 and Table A2‑4. Where different data sets 
are required for different rock volumes, these are described for the rock domains RSMA01, RSMM01 
and RSMD01. Data outside the focused area are described for a number of different rock domains. 

Most data sets have a priori been considered to be qualified. They have thereafter been judged to be 
qualified based on the criteria in the instruction for supplying data for the SR-Site Data report /SKB 
2010, Section 2.3/. The exceptions are a few supporting data sets accounted for in Table A2‑2.

Table A2-1. Main sources of thermal property information used in data qualification.

Sundberg J, Wrafter J, Back P-E, Rosén L, 2008. Thermal properties Laxemar. Site descriptive modelling, SDM-Site 
Laxemar. SKB R-08-61, Svensk Kärnbränslehantering AB.
Sundberg J, Back P-E, Ländell M, Sundberg A, 2009. Modelling of temperature in deep boreholes and evaluation of 
geothermal heat flow at Forsmark and Laxemar. SKB TR-09-14, Svensk Kärnbränslehantering AB.
SKB, 2009a. Site description of Laxemar at completion of the site investigation phase. SDM-Site Laxemar. SKB TR-09-01, 
Svensk Kärnbränslehantering AB. (Chapter 5: Bedrock geology and Chapter 6: Bedrock thermal properties).
SKB 2009b. Site engineering report Laxemar. Guidelines for underground design. Step D2. SKB R-08-88, Svensk 
Kärnbränslehantering AB.

Table A2-2. Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. Thermal conductivity: RSMA01, RSMM01, RSMD01: 
Table 6-7, 6-8 and 6-9 respectively in /Sundberg et al. 2008a/. 
2. Heat capacity: RSMA01, RSMM01, RSMD01: Table 6-12 
in /Sundberg et al. 2008a/.
3. Spatial distribution of thermal conductivity and heat capacity 
in each rock domain and thermal subdomain. Up to 1000 
realisations for each rock domain:
4. Thermal conductivity and heat capacity for rock domains 
outside the focused area: properties based on modelling 
results and data for different rock types in the thermal site 
descriptive model version Site /Sundberg et al. 2008a/, 
Simpevarp model version 1.2 /Sundberg et al. 2005a/, 
Laxemar model version 1.2 /Sundberg et al. 2006/, Laxemar 
model stage 2.1 /Wrafter et al. 2006/ and geology from 
site descriptive model Simpevarp version 1.2 /SKB 2005/, 
Laxemar model version 1.2 /SKB 2006/ and the geology site 
descriptive model SDM-Site /Wahlgren et al. 2008/.
5. Thermal diffusivity: Calculated from thermal conductivity 
and heat capacity data listed above. 
6. Anisotropy in thermal conductivity: section 6.5.3 in /Sund-
berg et al. 2008a/. Orientation in chapter 6 in /SKB 2009a/.
7. Temperature dependence in thermal conductivity and heat 
capacity: Table 3-31 in /Sundberg et al. 2008a/.
8. Pressure dependency in thermal conductivity: Section 
3.12 in /Sundberg et al. 2008a/.
9. Thermal expansion coefficient: Table 3-32 in /Sundberg 
et al. 2008a/.
10. Temperature at repository level: Table 3-34 in /Sundberg 
et al. 2008a/.
11. Geothermal gradient: Figure 3-36 in /Sundberg et al. 
2008a/.
12. Heat generation: Section 7.1.3 in /Sundberg et al. 
2009a/.
13. Heat flow: Mean in Section 7.2.2 with uncertainty 
estimates in section 8.1 in /Sundberg et al. 2009a/.
14. Temperature margins are based on the principals in 
/Hökmark et al. 2009/ and site-specific data in /Sundberg 
et al. 2008a/.

15. Temperature dependence for some rock types is 
taken from similar rock types in Forsmark and from the 
literature; see Table 3-31 in /Sundberg et al. 2008a/.
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Table A2-3. Justification of the sorting of items 1-10 in Table A2-2. 

1. The relevant thermal conductivity data as reported 
in chapter 3 in /Sundberg et al. 2008a/ are based on 
primary data acquired and refined within the Laxemar site 
description and site investigation phases. These phases 
have been conducted in conformance with relevant quality 
assurance routines. Lower level references are carefully 
listed, thus facilitating traceability (see e.g. chapter 3 in /
Sundberg et al. 2008a/). Through lower level references, 
the traceability is ensured down to relevant quality 
assurance documents such as method descriptions, 
task descriptions, etc. In /Sundberg et al. 2008a/ issues 
such as data quality, variability, and representativity 
are discussed. Nonconformities and uncertainties are 
also discussed. Much of the thermal data delivered are 
derived from modelling. In /Back and Sundberg 2007/ 
and chapter 4 in /Sundberg et al. 2008a/, the modelling 
strategy, the modelling tools, and validity of the modelling 
are described. It is judged that the modelling approach is 
adequate.
2. The relevant heat capacity data reported in section 
3.9 in /Sundberg et al. 2008a/ are based on primary data 
acquired and refined within the Laxemar site description 
and site investigation phases. The same considerations 
as for item 1 apply.   
3. The spatial distribution of thermal conductivity and heat 
capacity are described in a large number of realisations 
for each rock domain, and based on data acquired and 
refined within the Laxemar site description and site inves-
tigation phases; see chapter 6 in /Sundberg et al. 2008a/. 
Item 1 and 2 above are based on these realisations. The 
same considerations as for item 1 apply.
4. The thermal conductivity and heat capacity data for 
rock domains outside the focused area at Laxemar are 
based on thermal properties of different rock types in 
the site descriptive model; see section 5.6.2 and section 
3.9 respectively in /Sundberg et al. 2008a/. Similar 
considerations as for item 1 apply to the data for different 
rock types/TRCs (Thermal Rock Classes). However, the 
requirements are much lower compared to those for data 
from the focused volume. The mean thermal conductivity 
and heat capacity may be calculated from the proportions 
of different rock types or based on the dominant rock type 
/SKB 2006, Wahlgren et al. 2008/.

5. The thermal diffusivity data are calculated, in this present 
appendix, based on the data set for thermal conductivity 
(item 1 and 4) and heat capacity (item 2 and 4). As a conse-
quence, the same considerations as for item 1 and 4 apply.
6. The anisotropy in thermal conductivity reported in section 
3.8 in /Sundberg et al. 2008a/ is based on data acquired 
within the Laxemar site investigation phases. The same 
considerations as for item 1 apply. However, no advanced 
data refinement has been made. Focus has been on provid-
ing a relevant mean value for areas where the anisotropy is 
present. The orientation and strength of anisotropy is further 
described in chapter 6 in /SKB 2009a/.
7. The temperature dependence of thermal conductivity 
and heat capacity reported in section 3.11 in /Sundberg 
et al. 2008a/ are mainly based on data acquired within 
the Laxemar and Forsmark site investigation phases. The 
same considerations as for item 6 apply. The description 
has focused on the mean values for the dominant rock 
types. Data for subordinate rocks have been obtained from 
similar rock types in Forsmark /Sundberg et al. 2008b/ 
and from literature data given in /Sundberg et al. 2008a/. 
This approach has been judged to be adequate since the 
temperature dependence is moderate and has only minor 
influence on the maximum bentonite temperature. 
8. The pressure dependence in thermal conductivity is 
described in section 3.12 in /Sundberg et al. 2008a/. The 
pressure dependence is small and has been neglected in 
the thermal conductivity modelling. Neglecting the pressure 
dependence has a slightly pessimistic effect on the results 
of the thermal conductivity modelling.
9. The thermal expansion coefficient reported in section 
3.13 in /Sundberg et al. 2008a/ is based on data acquired 
within the Laxemar site investigation phases. The same 
considerations as for item 6 apply. Focus has been on 
providing a relevant mean value.
10. The temperature at repository level reported in section 
3.14 in /Sundberg et al. 2008a/ is based on data acquired 
within the Laxemar site investigation phases. Similar con-
siderations as for item 1 apply. In the thermal modelling, the 
reliability of temperature logging data has been evaluated in 
relation to calibration errors and disturbances from drilling. 
Only approved data has been used in the site descriptive 
model. Focus has been on providing both a relevant mean 
value for repository depth and a measure of variability.

Table A2-4. Justification of the sorting of items 11-15 in Table A2-2.

11. The geothermal gradient data reported in section 3.14 
in /Sundberg et al. 2008a/ are based on the temperature 
logging data described in item 10. As a consequence, the 
same considerations as for item 10 apply. 
12. The internal heat generation data are reported in sec-
tion 7.1.3 in /Sundberg et al. 2009a/. It is based on data 
acquired within the Laxemar site investigation phases. 
Similar considerations as for item 1 apply. However, no 
advanced data refinement has been made. Focus has 
been on providing a relevant mean value. 
13. The site-specific geothermal surface heat flow is 
reported in section 7.2.2 in /Sundberg et al. 2009a/. The 
heat flow is based on data acquired within the Laxemar 
site investigation phases together with data on the past 
climate evolution /Sundberg et al. 2009a/. The heat flow is 
determined indirectly from geothermal gradient (item 11), 
thermal conductivity (item 1), thermal diffusivity (item 5), 
internal heat generation (item 12) and past climate evolu-
tion. The uncertainty estimates have been evaluated from 
uncertainties in the above mentioned parameters together 
with the influence from e.g. temperature dependences 

(item 7) and anisotropy (item 6). Similar considerations 
as for the mentioned items apply (climate evolution and 
permafrost modelling is further discussed in chapter 3 of 
this present report). Focus has been on providing both a 
relevant mean for the site and an uncertainty estimate. 
14. The temperature margin data are based on the prin-
ciples and general data in /Hökmark et al. 2009/ and site-
specific data in /Sundberg et al. 2008a/. The temperature 
margin consists of both uncertainties and under- and over-
estimates in the calculation of the peak buffer temperature. 
The uncertainties are carefully discussed in /Hökmark et al. 
2009/ and quantified in general terms with example values 
that are considered relevant for the different rock domains. 
In the site engineering report, site-specific data are used to 
define a margin for each rock domain /SKB 2009b/. 
15. The supporting data on the temperature dependence 
(item 7) for subordinate rock types are either Forsmark data 
or are provided by articles in reputable scientific journals, 
which have been subjected to the customary review pro-
cess before publication. As these data are not site specific 
they are considered as supporting.
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Excluded data previously considered as important
No important data have been excluded from the analysis. Non-used thermal data are described in 
Section 2.2.3 in /SKB 2009c/. 

A2.4	 Conditions for which data are supplied
The thermal conductivity and heat capacity in the thermal properties realisations are provided at 
20–25°C and at water saturated conditions. The natural temperature at repository depth is slightly 
lower. After deposition of the canisters the temperature will increase as a consequence of the heat 
generation in the canisters. However, the temperature dependence for the thermal conductivity and heat 
capacity is described in the thermal site descriptive models; Section 3.11 in /Sundberg et al. 2008a/. 

The thermal conductivity measurements are made on stress-released samples. However, the pressure 
dependence is low when the samples are water saturated. 

Further, the thermal transport is assumed to be conductive only. This is a relevant assumption since 
the thermal transport in the rock mass surrounding the canisters should have an insignificant 
contribution from convective heat transport. 

The thermal expansion coefficients for different rock types are provided at 20–25°C.

The temperature loggings in water filled boreholes are assumed to correctly describe the temperature 
in the rock mass. 

A2.5	 Conceptual uncertainty
The major conceptual uncertainty of the thermal rock properties concerns correlations with density, 
since this correlation is used to assess the spatial correlation of thermal conductivity using high-
spatial-resolution density data. Different correlations with density have been used in the thermal site 
descriptive modelling in order to: (1) define the spatial correlation structure for thermal conductivity 
and (2) subdivide certain TRC’s (Thermal rock classes /Sundberg et al. 2008a/). Both the density and 
the thermal conductivity of rock is related to the mineralogical composition /Sundberg et al. 2009b/. 
The thermal modelling mentioned in this section refer to the thermal site descriptive model (SDM- 
Site) /SKB 2009a/, based on modelling in /Sundberg et al. 2008a/.

It has been assumed that thermal conductivity exhibits a similar correlation structure to density. The 
variogram models, used to describe the spatial correlation structure of the thermal conductivity in 
the thermal modelling, are primarily based on density loggings (approximately 0.1 m scale) in bore-
holes, supported by TPS (Transient Plane Source) data if a sufficient amount of data were available. 
A relationship between thermal conductivity and density has been established for some rock types 
(see Section 3.6 in /Sundberg et al. 2008a/ and 6.2.2 in /SKB 2009a/). Even for rock types where 
such a relationship is not evident, density logging data are used as input to the variogram modelling. 
It is reasonable to assume that any spatial dependence in density, as indicated by a variogram, also 
reflects spatial dependence in thermal conductivity /Sundberg et al. 2009b/. However, the associated 
uncertainty is not known. This uncertainty is handled by using slightly pessimistic variogram models 
in the stochastic modelling. 

The relationship thermal conductivity and density has also been used in order to subdivide different 
TRC’s when necessary. 

Referring to the thermal conductivity/density relationship, it is reasonable to assume a correspond-
ing relationship between density and heat capacity. Such a relationship has been established in 
Laxemar; see Figure 3-25 in /Sundberg et al. 2008a/. In thermal modelling of Forsmark /Sundberg 
et al. 2008a/, a relationship between heat capacity from direct measurements and thermal conductivity 
is described. The relationship was used to calculate heat capacity from the modelling results on 
thermal conductivity in order to complement the thermal conductivity realisations with heat capacity. 
However, in Laxemar no obvious relationship between thermal conductivity and heat capacity could be 
discerned /Sundberg et al. 2008a/. Instead, heat capacity was modelled based on realisations of the 
spatial distribution of TRC’s, together with statistical distribution models for heat capacity for each 
TRC (see Section 5.9 in /Sundberg et al. 2008a/). There are uncertainties associated with the heat 
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capacity models used for 2 m scale because of the influence of scale. However, these uncertainties in 
heat capacity are judged to have only minor results on the calculated maximum buffer temperature 
(see Section A2.1). 

The conceptual uncertainty in other parameters is judged to be low.

 
A2.6	 Data uncertainty due to precision, bias, and representativity
The data uncertainty can be subdivided into precision, bias, and representativity. The data uncertainty 
can also be subdivided into uncertainties in primary data and model uncertainties. The discussion is 
focused on uncertainties in thermal properties inside the focused area but is partly also applicable 
to properties outside the focused area (mainly used for the thermal evolution of the repository due 
to climate changes). Uncertainties specifically related to data outside the focused area are explicitly 
described. The demands on data inside the focused area are much higher compared to those on data 
for permafrost modelling, see A2.1. 

Data uncertainty due to precision and bias
Primary data in the site investigations
Data uncertainty due to precision is believed to have only minor influences for thermal conductivity 
determinations made by the TPS method. Heat capacity values calculated from simultaneously deter-
mined thermal conductivity and thermal diffusivity have a rather wide spread due to the combination 
of spatial variability and data precision. The latter is partly caused by anisotropy in the samples, 
which is present to a variable degree in the Laxemar area. However, in the thermal modelling, heat 
capacity data from calorimetric determinations have been used for the most common rock types. 
These data show a variability that is believed to be mainly caused by spatial variability. Significant 
bias in the thermal conductivity and heat capacity (calorimetric) determinations is not suspected.

The temperature loggings in boreholes are disturbed by water movements and the drilling of the 
borehole. In the SDM-Site model, the reliability of temperature loggings due to disturbance from 
drilling has been evaluated. As a result of this, only “approved” boreholes have been used in the 
description. However, uncertainties related to water movements are still present, especially at certain 
parts of the boreholes. However, the mean temperature at repository depth in different boreholes 
shows a rather small variability between different boreholes. Uncertainties in the temperature 
loggings are transferred into the determination of geothermal gradient and of heat flow, although 
the latter is not discussed here. 

Uncertainties in temperature loggings due to calibration error have been evaluated /Wrafter et al. 
2006, Sundberg et al. 2008a/. In some earlier loggings, rather large calibration errors occur. In the 
site version of the thermal site descriptive model, only temperature logging data that fulfils certain 
requirements regarding calibration have been used to describe the in situ temperature conditions 
/Sundberg et al. 2008a/. The variability between the temperature at the same relevant elevation in 
different boreholes is ±0.1°C about the mean (Table 2-6 in /Sundberg et al. 2008a/). For individual 
boreholes, the uncertainty is ±0.25°C (related to equipment).

The heat generation in the rock mass is calculated from the proportions of U, Th and K and sum-
marised in Table 7-3 in /Sundberg et al. 2009a/. Uncertainties in the proportions in combination 
with sparse data for some rock types are transferred to uncertainties in the heat generation. These 
uncertainties can be rather large. However, the internal heat generation down to repository depth 
has only a minor influence on the calculated surface heat flow and the permafrost modelling. 

Potential bias in the determination of the thermal expansion coefficient has been discussed in the ther-
mal site descriptive model version Simpevarp 1.2 /Sundberg et al. 2005a/. The reason for potential 
bias was that the measurements are made on stress-released samples and the stress dependence had 
not been assessed. However, it is judged that this question can be ignored. 

The uncertainties in the orientation of the boreholes and in the orientation of geological objects in 
the boreholes, documented by /Munier and Stigsson 2007/, are judged to have little or no effect on 
the results of thermal modelling.
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Model uncertainties
There are several model uncertainties to consider in the thermal modelling of the spatial distribution 
of thermal conductivity and heat capacity. The five most important uncertainties identified in site 
descriptive model stage SDM Site /Sundberg et al. 2008a/ were associated with (1) the simulation 
scale, (2) the simulation volume, (3) the spatial statistical structure of TRC’s (lithology), (4) the 
spatial statistical thermal models, and (5) the simulation technique.

A detailed discussion of the above mentioned uncertainties is performed in Section 7.2 in /Sundberg 
et al. 2008a/ and a summary is provided in /SKB 2009a/. Uncertainties associated with the simulation 
volume and the simulation scale are not believed to have had any major impact on the thermal mod-
elling results. Geological heterogeneities were dealt with by dividing the domains into subdomains. 
This is believed to have reduced the uncertainty significantly. The remaining uncertainty concerning 
the variability in proportions is believed to be small. Based on confidence intervals for TRC propor-
tions at borehole scale (see Section 5.5.5 in /Sundberg et al. 2008a/), this uncertainty has only a minor 
effect on the lower thermal conductivity tail (the 1-percentile may vary by about 1%). This is also 
discussed under “representativity”. 

Limited data for some TRC’s result in uncertain spatial statistical models of thermal conductivity. 
In particular, modelling spatial dependence using variograms requires plentiful data. Assuming that 
thermal conductivity exhibits a similar correlation structure to density (see discussion above) means 
that variogram analysis of borehole density logs could justifiably be used to investigate the spatial 
correlation of thermal conductivity. Although there are uncertainties associated with this assumption, 
the spatial statistical thermal conductivity models are believed to be more reliable than in previous 
versions.

Uncertainties in the simulation technique are believed to have only a minor influence on the results. 
Uncertainties are also associated with the estimated mean anisotropy factor for thermal conductivity 
for the Ävrö granite (lineation/foliation), mainly due to few determinations. Furthermore, the spatial 
variability of thermal anisotropy, both with regard to orientation and magnitude, is largely unknown. 

There are a number of uncertainties related to the determination of the site-specific heat flow. These 
uncertainties are related to uncertainties in geothermal gradient, thermal conductivity, thermal diffusivity, 
internal heat generation, and past climate evolution. A detailed discussion of the above mentioned 
uncertainties is performed in Section 8.1 in /Sundberg et al. 2009a/.

The temperature margin to the design criteria (100°C) consists of uncertainties as well as under- and 
overestimates in the calculation of the peak buffer temperature. The temperature margin data are based 
on the principles and general data carefully elaborated in /Hökmark et al. 2009/ and site-specific data 
in /Sundberg et al. 2008a/. The margins are optimised for the numerical method. Thus, the margin 
constitutes both general and site-specific uncertainties. 

The uncertainties are discussed in detail in /Hökmark et al. 2009/. Here a short summary is provided 
and the temperature margin for different rock domains is justified from site-specific data. Non-site-
specific uncertainties are not described here. Instead the reader is referred to /Hökmark et al. 2009/. 
In Table A2‑5 and Table A2‑6 the different uncertainties in the local solution and the numerically 
calculated rock wall temperature are summarised. The uncertainties and biases given in these tables 
represent realistic judgements for the individual parameters. In Table A2‑7 the total temperature 
margin is presented. 

Uncertainty U1 in Table A2‑5 is site-specific and can be interpolated for different conductivities 
from /Hökmark et al. 2009/. The thermal conductivity at low percentiles of the thermal conductivity 
distribution are approx 2 W/(m∙K) for rock domains RSMA01 and RSMM01, and 2.5 W/(m∙K) 
for rock domain RSMD01. Uncertainties U2–U5 are not site-specific and are discussed in detail 
in /Hökmark et al. 2009/.

Uncertainties U6–U10 in Table A2‑6 are site-specific. Item U6 is related to the anisotropy in the rock. 
It includes the effect of a foliated rock oriented in an unfavourable orientation compared with reposi-
tory layout. The worst case scenario occurs when the foliation is vertical and parallel to the tunnel 
orientation. The anisotropy factor is assumed to be 15%. In rock domains RSMA01 and RSMM01, the 
orientation of the foliation (variable, often moderate, dip) in relation to the tunnel orientation is more 
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Table A2-5. Uncertainties in local solution. Modified from /Hökmark et al. 2009/ with site-specific 
data from /Sundberg et al. 2008a/.

DTtot, difference between rock wall temperature and maximum bentonite 
temperature

Margin, °C, 
RSMA01

Margin, °C, 
RSMM01

Margin, °C, 
RSMD01

Uncertainties related to:
U1 Geometry of air-filled canister/bentonite gap and variations in barrier 

conductivity
2.7 2.7 3

U2 Moisture redistribution in barrier 0.2 0.2 0.2
U3 Spalling 0.1 0.1 0.1
U4 Vertical variation of rock conductivity along deposition hole 0.25 0.25 0.25
U5 Vertical distribution of heat generation in the canisters 0.2 0.2 0.2
Sum DTtot 3.45 3.45 3.75

Table A2-6. Uncertainties in numerically calculated rock wall temperature. Modified from 
/Hökmark et al. 2009/ with site-specific data from /Sundberg et al. 2008a/.

Twall , Rock wall temperature at canister mid-height at the time of buffer 
temperature peak 

Margin, °C, 
RSMA01

Margin, °C, 
RSMM01

Margin, °C, 
RSMD01

Uncertainties related to:
U6 Anisotropy within rock type 0.3 0.3 0
U7 Bias in thermal properties 1.0 1.0 0.8
U8 Heterogeneity, site models (in the lower tail) 0.1 0.1 0.1
U9 Initial temperature 0.35 0.35 0.35
U10 Temperature dependence 0 0 0
U11 Pressure dependence –0.2 –0.2 –0.2
U12 Tunnel backfill 0 0 0
U13 Strategy uncertainties – – –
Sum (uncertainties) 1.55 1.55 1.05
Over/underestimate because of numerical model simplifications 
S1 Representation of canister –0.7 –0.7 –0.7
S2- Numerical precision –0.8 –0.8 –0.8
S3 Boundary conditions 0.4 0.4 0.4
Sum (under/overestimates) –1.1 –1.1 –1.1
Total Twall 0.45 0.45 –0.05

Table A2-7. Total temperature margin in numerical solution to establish a definitive spacing.

Uncertainties related to: Margin, °C, 
RSMA01

Margin, °C, 
RSMM01

Margin, °C, 
RSMD01

Local solution (Table A2-5) 3.45°C 3.45°C 3.75°C
Total Twall Numerical solution (Table A2-6) 0.45°C 0.45°C –0.05°C

Total Margin 3.9°C 3.9°C 3.7°C

favourable compared to the worst case in /Hökmark et al. 2009/. The temperature contribution is even 
lower for rock domain RSMD01 because foliation is generally subhorizontal. The uncertainty due to 
potential bias in the thermal properties is discussed in uncertainty U7. The temperature effect of the 
potential bias is interpolated from /Hökmark et al. 2009/ using site-specific data (1% percentile). The 
uncertainty U8 is related to the uncertainty in the lower tail of the thermal conductivity distribution 
(SDM-Site) due to uncertainties in rock type proportions. The temperature effect related to U8 is small. 

Uncertainty U9 is related to uncertainties in the in situ temperature. The lowest and highest tempera-
tures measured in different boreholes at 400 m depth vary by ±0.1°C about the mean /Sundberg et al. 
2008a/. In addition there is possible bias in the measurements which is estimated to be in the order of 
0.25°C. The initial temperature relevant for the dimensioning problem may differ from the present-day 
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rock temperature because of heat generated during tunnel excavation, ventilation etc. Presently it is 
not possible to estimate these effects or even to establish if the net effect will be a decreased or an 
increased effective background temperature /Hökmark et al. 2009/.

U10 is related to uncertainties due to the increased rock temperature and the temperature dependence 
in thermal properties. The uncertainty is very low and not site dependent when temperature depend-
ent properties are included in the numerical approach for thermal dimensioning of the repository 
/Hökmark et al. 2009/. Data on temperature dependent properties are from /Sundberg et al. 2008a/.

Uncertainties U11–U13 are not site-specific. Over- and underestimations due to the representation of 
the canister and numerical precision in the numerical model are not site-specific (S1-S2). S3 includes 
the effect of boundary conditions in the numerical model. Since the dimensioning is made on the 
canister surrounded by rock with very low thermal conductivity, it is reasonable to believe that the 
thermal conductivity in the neighbouring tunnels is higher. 10% higher thermal conductivity in two 
neighbouring tunnels gives 0.4°C in temperature contribution /Hökmark et al. 2009/. The difference 
between the mean thermal conductivity and conductivity around a canister in low conductive rock is 
typically 35% for rock domains RSM0A1 and RSMM01 and 20% for RSMD01.

Data uncertainty due to representativity
Uncertainties in the proportions of rock types in bore map have an influence on the overall distribu-
tion of thermal conductivities for each domain. In /Sundberg et al. 2008a/ confidence intervals for 
TRC proportions have been calculated on the basis of the differences between different boreholes. 
The uncertainties are relatively small for rock domain RSMD01 (/Sundberg et al. 2008a/, Table 5-33) 
but larger for domains RSMA01 and RSMM01 (/Sundberg et al. 2008a/, Table 5-32 and Table 5-34 
respectively) because of their higher degree of heterogeneity in geology and thermal properties. 
However, this uncertainty has only a minor effect on the lower thermal conductivity tail (the 
1-percentile may vary by about 1%).

The samples used for determinations of thermal conductivity and heat capacity for the main rock 
types are from different sections in different boreholes and are judged to be representative for the 
different rock types. The representativity can be questioned for some subordinate rock types with 
only few determinations. However, the effect on the domain modelling results from subordinate rock 
types is small for obvious reasons. 

The representativeness of samples selected for thermal expansion measurements can be questioned. 
The samples are few and focused to certain parts of the rock volume. However, the variability seems 
to be quite low.

Also the representativeness of the thermal anisotropy can be questioned since the investigations 
comprised only a few measurements in two rock types in the Laxemar area (Section 3.8 in /Sundberg 
et al. 2008a/). 

The thermal data for permafrost modelling include rock domain data outside the focused area. The 
uncertainties in the mean and uncertainty estimates for the thermal conductivity, heat capacity and 
heat production are mainly related to the estimates in rock type proportions, if any, and if thermal 
data are available for the different rock types. For some rock domains outside the focused area, data 
are based on the dominant rock type, and the uncertainties may be particularly large. However, the 
uncertainties are not believed to have major influence on the permafrost modelling result since other 
uncertainties are judged to be larger. 

The temperature loggings come from several boreholes and are judged to be representative for the 
site. The temperature data and geothermal gradient data are mainly available for the focused area 
but are judged to meet the needs for the large scale permafrost modelling, including areas outside 
the focused area. 

The heat flow data are judged to be representative for the whole site, including areas outside the 
focused area used in permafrost modelling.
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A2.7	 Spatial and temporal variability of data
Spatial variability of data
The description of the spatial distribution of thermal conductivity and heat capacity has been the main 
objective of the thermal site descriptive modelling. Particular emphasis have been made on describing 
the lower tail of the thermal conductivity distribution since small uncertainties in the lower tail of 
the thermal conductivity distributions will have a significant impact on canister spacing in repository 
layout D2, in order to fulfil the maximum temperature criteria on the buffer. Also the uncertainty 
description in /Sundberg et al. 2008a/ focuses on the lower tail of the thermal conductivity distributions 
for the different rock domains. The models presented in the site descriptive modelling, SDM Site, 
are judged to represent the modelled rock domains and their variability in an appropriate way /SKB 
2009a/. Confidence in the lower tails of the thermal conductivity distributions is generally high.

As an important part of the thermal modelling, data are upscaled from measurement scale to simulation 
scale (2 m in Laxemar). The temperature development around a canister is influenced by a number 
of different scales, approximately 2–20 m /Sundberg et al. 2005b/. When using the data to calculate 
an adequate spacing between canisters, the simulation scale is used (2 m) /Hökmark et al. 2009/. 
This means that an automatic upscaling is provided in the numerical modelling when calculating 
the maximum temperature from the data provided in the thermal realisations (see Section A2.1). 
However, in the site descriptive modelling report /Sundberg et al. 2008a/ there is a need to illustrate the 
upscaling effect. Upscaling is made to 5 m, a scale that is approximately relevant for the temperature 
development around the canister. The result of this upscaling is provided in the thermal site descriptive 
modelling report and used for trial values on canister spacing /Hökmark et al. 2009/ and uncertainty 
estimates. 

The scale for the long term thermal evolution caused by climate changes is much larger compared 
to the scale for thermal evolution of the near field of individual canisters. Therefore the means of 
thermal conductivity, heat capacity, heat generation, anisotropy etc are relevant for this long term 
thermal evolution. 

The description of the anisotropy in thermal conductivity has focused on determining a relevant 
mean anisotropy factor for the rock mass. Consequently, there are uncertainties in the spatial 
distribution of the anisotropy. 

For the corresponding discussion of coefficient of thermal expansion, see Section A6.4.

Temporal variability of data
Except for the in situ temperature, none of the parameters exhibit temporal variability. The tem-
perature loggings show a significant influence from drilling that is time dependent. If the loggings 
have been made shortly after the drilling, the results should be treated with caution. However, such 
temperature logging data have been excluded from the evaluation during an “approval” process, 
see Section 3.14 in /Sundberg et al. 2008a/. The natural temperature at repository depth is subject 
to long-term variability. However, this is a very slow process and the natural undisturbed variability 
is thus insignificant. The long-term thermal evolution of the repository is discussed in Chapter 3. 
However, the construction of the repository may influence the temperature at repository depth. This 
is discussed above in Section A2.6 in connection with the uncertainty discussion of the temperature 
margin. 

For the corresponding discussion of coefficient of thermal expansion, see Chapter A4.

A2.8	 Correlations 
As described in Section A2.5, the spatial correlation structure for the thermal conductivity has been 
based on density logging data. Thermal conductivity measurements have been used to support the 
correlation structure when possible.
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In contrast to Forsmark /Sundberg et al. 2008b/, no obvious relationship between thermal 
conductivity and heat capacity could be discerned in Laxemar. Thus, heat capacity (C) cannot be 
calculated from the thermal conductivity realisations produced by the thermal stochastic modelling, 
as was done in the case of Forsmark. However, a relationship between heat capacity and density is 
displayed by the rocks at Laxemar /Sundberg et al. 2008a/. This relationship has not been exploited 
in the thermal modelling.

A2.9	 Result of supplier’s data qualification
The data are presented in the site descriptive modelling reports /Sundberg et al. 2008a/. A summary 
is given here. 

Thermal conductivity
The most reliable thermal conductivity data are mainly provided by laboratory measurements with 
the TPS-method. Thermal conductivity versus elevation for different rock types is illustrated in 
Figure A2-1 and Figure A2-2. From these figures it can be seen that three dominant rock types 
(Ävrö quartz monzodiorite, Ävrö granodiorite and quartz monzodiorite) have very different thermal 
conductivities. Ävrö granodiorite, the dominant rock type in domain RSMA01, has relatively high 
conductivities, whereas Ävrö quartz monzodiorite, the dominant rock type in domain RSMM01, 
is characterised by low conductivities. Quartz monzodiorite, the dominant rock type in domain 
RSMA01, has conductivities which fall between those of the above-mentioned rock types. As for 
subordinate rock types, some samples of diorite-gabbro and fine-grained diorite-gabbro display low 
thermal conductivities. 

FigureA2-1. Thermal conductivity versus elevation for different rock types. Samples measured using the 
TPS method. From /Sundberg et al. 2008a/.
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The rock type distribution in boreholes is used as the basis for the stochastic modelling of geology. 
The distribution of thermal conductivity for each rock type and its spatial correlation structure are 
used as input for the stochastic modelling of thermal conductivity. The main result of the thermal 
modelling of a rock domain is a set of 1000 realisations of thermal conductivity at the 2 m scale. 
These realisations have been used in the design of the repository /SKB 2009b/ (see Section A2.1). 
Histograms of the realisations upscaled to 5 m are shown in Figure A2-3 for domains RSMA01, 
RSMM01 and RSMD01. The 5 m scale is judged to be more relevant for the temperature develop-
ment around the canister and the peak temperature in the buffer. Summary statistics of the upscaled 
realisations to 5 m are presented in Table A2‑8. The values in Table A2‑8 are valid at 20°C. 

The uncertainties in the lower tail of the modelled thermal conductivity distributions due to uncertainties 
in rock type proportions is estimated to be 1% (Section 7.2.4 in /Sundberg et al. 2008a/). 

The thermal conductivity is influenced by the temperature, see Figure A2-4. Thermal conductivity at 
elevated temperature can be determined from Equation A2-1.

λ1=λ0(1+αλ(T1–T0)) 	 							       A2-1

where,

λ0	 Thermal conductivity at 20°C, T0, W/(m∙K)

λ1	 Thermal conductivity at elevated temperature T1, W/(m∙K)

αλ	 Temperature coefficient for thermal conductivity, 1/°C
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Figure A2-2. Thermal conductivity versus elevation for Ävrö granodiorite and Ävrö quartz monzodiorite. 
Samples measured using the TPS method. From /Sundberg et al. 2008a/.
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Mean temperature coefficients for thermal conductivity in different rock types are estimated in 
Table A2‑9 and the variability is indicated in Figure A2-5. For rock type fine-grained granite (511058), 
the temperature coefficient is based on a rock type with similar composition from the Forsmark site 
/Sundberg et al. 2008a/., The mean temperature coefficient of, for example, Ävrö granodiorite is 
–6.8% per 100°C. This means that the thermal conductivity at 20°C will be reduced by 3.4% if 
the temperature in the rock mass is raised to 70°C. 

Anisotropy in thermal conductivity means that the conductivity (and the thermal diffusivity) is dif-
ferent in different directions. In a foliated rock the thermal conductivity is commonly higher parallel 
to the foliation plane compared to a direction perpendicular to the foliation. Measurements of thermal 
conductivity at seven outcrop locations in Laxemar /Mossmark and Sundberg 2007/, indicate that 
thermal conductivity parallel to the foliation plane is higher, by a factor of approximately 1.15, than 
conductivity perpendicular to the foliation /Sundberg et al. 2008a/.

Table A2-8. Thermal conductivity (W/(m·K)) at 20°C for domains RSMA01, RSMM01 and RSMD01 
based on simulations at the 2 m scale and upscaled to 5 m (Table 6-7, 6-8 and 6-9 respectively in 
/Sundberg et al. 2008a/). The 0.1–1.0-percentiles are intended to be used as first guess values for 
the canister spacing in the numerical modelling. 

Statistical parameter RSMA01 
5 m scale

RSMM01 
5 m scale

RSMD01 
5 m scale

Mean 2.93 2.65 2.76
Standard deviation 0.286 0.317 0.166
0.1-percentile 2.16 2.11 2.41
1-percentile 2.27 2.19 2.48
2.5-percentile 2.34 2.23 2.50

Figure A2-3. Histogram of thermal conductivity of domains RSMA01, RSMM01 and RSMD01 (Figures 6-2, 
6-10 and 6-23 respectively in /Sundberg et al. 2008a/) based on simulations at the 2 m scale followed by 
upscaling to 5 m. 
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Table A2-9. Estimated mean temperature coefficients for thermal conductivity in different rock 
types. The thermal rock class (TRC) to which the rock type has been assigned is also given 
(Table 3-31 in /Sundberg et al. 2008a/).

Name 
code

Rock name TRC Mean thermal 
conductivity at 
approx 20°C  
W/(m·K)

Mean 
temperature 
dependence 
% per 100°C

Thermal conduc-
tivity temperature 
coefficient, αλ 
1/°C

Comments

501030 Fine-grained dioritoid 30 2.79 –3.4% –3·10–4 Measured
501036 Quartz monzodiorite 36 2.74 –1.1% –1·10–4 Measured
501046 Ävrö quartz monzo-

diorite
46 2.36 –2.9% –3·10–4 Measured

501056 Ävrö granodiorite 56 3.17 –6.8% –7·10–4 Measured
511058 Fine grained granite 58 3.69 –10% –1⋅10–3 Temperature dependence 

estimated from granite to 
granodiorite (101057) in 
Forsmark /Sundberg et al. 
2008a/

Gabbro 33/102 –3.1% –3·10–4 Literature data /Mottaghy 
et al. 2005/

Figure A2-4. Example of temperature dependence of thermal conductivity (rock type Ävrö granodiorite 
(501056)). From /Sundberg et al. 2008a/.

Figure A2-5. Thermal conductivity (W/(m·K)) at 20–25ºC versus the temperature coefficient (%/100ºC) for 
the thermal conductivity in different rock types. Rock type granite to granodiorite (code 101057) is found in 
the Forsmark area (Figure 2-1 in /Sundberg et al. 2008a/).

Temperature dependence - Thermal conductivity

-15

-10

-5

0

5

2.0 2.5 3.0 3.5 4.0 4.5

Thermal conductivity at 20–25°C (W/m·K)

Te
m

pe
ra

tu
re

 in
flu

en
ce

, %
/1

00
°C

 

Granite to granodiorite (101057)

Ävrö granodiorite (501056)

Quartz monzodiorite (501036)

Fine-grained dioritoid (501030)

Gabbro (Mottaghy et al. 2005)

Ävrö quartz monzodiorite (501046)



TR-10-54	 29

It is logical to assume a pressure dependence on the thermal conductivity. However, the pressure 
influence is low if the samples are water saturated, approximately 1–2% /Walsh and Decker 1966/, 
since any increased micro-crack porosity as a result of pressure release is water filled. All determinations 
of thermal conductivity in the site investigation programme have been made on water saturated sam-
ples. The pressure dependence has therefore been neglected in the evaluation /Sundberg et al. 2008a/.

For the large scale thermal evolution due to climate changes, thermal data are needed for a larger area, 
outside the focused area. Data on mean thermal conductivity and standard deviation is supplied in 
Table A2‑10. It should not be assumed that a normal distribution adequately describes the data.

Heat capacity
Heat capacity distributions at rock domain level have been integrated in the thermal realisations 
(see Section A2.8) used in the Comparative analysis. The results for the 2 m scale for rock domains 
RSMA01, RSMM01 and RSMD01 are presented in Figure A2-6 and Table A2‑11.

Table A2-10. Thermal conductivity (W/(m·K)) and temperature dependence ((%/100°C) for a 
number of rock domains both within and outside the focused area.

Rock domain Dominant rock type /SKB 
2006, Wahlgren et al. 2008/

Rock code 
(dominant)

Thermal conductivity 
(W/(m·K))

Temperature dependence 
(%/100°C)

mean Std mean

RSMA011 Ävrö granodiorite 501056 2.93 0.29 –7
RSMB062 Fine-grained dioritoid 501030 2.74 0.20 –3
RSMBA033 Ävrö granite7 501044 2.79 0.26
RSMD014 Quartz monzodiorite 501036 2.76 0.17 –1
RSME145 Diorite to gabbro 501033 2.68 0.47 –3
RSMF016 Fine- to medium-grained 

granite
511058 3.69 0.08 –108

RSMM011 Ävrö quartz monzodiorite 501046 2.65 0.32 –3
RSMP01-A019 Ävrö granodiorite 501056 3.19 –3
RSMP01-D0110 Quartz monzodiorite 501036 3.15 –1

1 Thermal conductivity has been modelled in SDM Laxemar Site /Sundberg et al. 2008a/. Temperature dependence is 
for dominant rock type /Sundberg et al. 2008a/.
2 Thermal conductivity has been modelled in SDM Simpevarp 1.2 /Sundberg et al. 2005a/. Temperature dependence for 
dominant rock type /Sundberg et al. 2005a/.
3 Thermal conductivity has been modelled in SDM Laxemar 2.1 /Wrafter et al. 2006/.
4 Thermal conductivity has been modelled in SDM Laxemar Site /Sundberg et al. 2008a/. Temperature dependence is 
for dominant rock type /Sundberg et al. 2005a/.
5 Thermal conductivity have been modelled in SDM Laxemar 2.1 /Wrafter et al. 2006/. Data applies to 1 m scale. 
Temperature dependence is for dominant rock type /Sundberg et al. 2008a/.
6 No modelled thermal conductivity for domain. Thermal conductivity (TPS method) and temperature dependence for 
dominant rock type /Sundberg et al. 2008a/. 
7 Ävrö granite not subdivided into Ävrö quartz monzodiorite and Ävrö granodiorite /Appendix 11 in Wahlgren et al. 2008/
8 Temperature dependence from Granite to granodiorite (101057) in Forsmark /Sundberg et al. 2008b/.
9 Shear zone. No modelled thermal properties for domain. Thermal conductivity from RSMA01 but thermal conductivity 
increased 9% due to alteration. Temperature dependence for dominant rock type /Sundberg et al. 2008a/.
10 Shear zone. No modelled thermal properties for domain. Thermal conductivity from RSMD01 but thermal conductivity 
increased 14% due to alteration. Temperature dependence for dominant rock type /Sundberg et al. 2008a/.
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Table A2-11. Heat capacity (MJ/(m3·K)) at 20°C for domains RSMA01, RSMM01 and RSMD01 based 
on the simulated TRC-distributions together with a statistical distribution model of heat capacity 
for each TRC at the 2 m scale (Table 6-6 in /Sundberg et al. 2008a/).

Statistical parameter RSMA01 
2 m scale

RSMM01 
2 m scale

RSMD01 
2 m scale

Mean 2.16 2.21 2.23
Standard deviation 0.06 0.12 0.06

Figure A2-6. Histogram of heat capacity for domains RSMA01, RSMM01 and RSMD01 based on the 
simulated TRC-distributions together with a statistical distribution model of heat capacity for each TRC at 
the 2 m scale (Figure 6-24, 6-27 and 6-32 in /Sundberg et al. 2008a/). 

The heat capacity is influenced by the temperature. The heat capacity at elevated temperature can be 
determined from Equation A2-2.

C1=C0(1+ αC(T1–T0)) 	 							       A2-2

where,

C0	 Heat Capacity at room temperature T0, MJ/(m3∙K)
C1	 Heat Capacity at elevated temperature T1, MJ/(m3∙K)
αC	 Temperature coefficient for heat capacity, 1/°C

The mean temperature coefficients for heat capacity in different rock types are estimated in 
Table A2‑12 and the variability in Figure A2-7. 
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Table A2-12. Estimated mean temperature coefficients for heat capacity in different rock types. 
The thermal rock class (TRC) to which the rock type has been assigned is also given (Table 3-31 
in /Sundberg et al. 2008a/).

Name 
code

Rock name TRC Mean heat 
capacity at 
approx 20°C  
MJ/( m3·K)

Mean 
temperature 
dependence 
% per 100°C

Heat capacity 
temperature 
coefficient, αλ 
1/°C

Comments

501030 Fine-grained 
dioritoid

30 2.22¹ 25.6% 2.6·10–4 Measured

501036 Quartz monzo-
diorite

36 2.24 25.3% 2.5·10–4 Measured

501046 Ävrö quartz 
monzodiorite

46 2.17 26.0% 2.6·10–4 Measured

501056 Ävrö granodi-
orite

56 2.12 23.8% 2.4·10–4 Measured

511058 Fine grained 
granite 

58 2.04¹ 25% 2.5·10–4 Temperature dependence 
estimated from granite to 
granodiorite (101057) in 
Forsmark /Sundberg et al. 
2008a/

Gabbro 33/102 20.6% 2.1·10–4 Literature data /Mottaghy 
et al. 2005/

¹Mean based on calculations from TPS data. Means for other rock types based on calorimetric measurements. 

Figure A2-7. Heat capacity (W/(m·K)) at 20–25ºC versus the temperature coefficient (%/100ºC) for the 
heat capacity in different rock types. Rock type granite to granodiorite (code 101057) is found in the 
Forsmark area (Figure 2-2 in /Sundberg et al. 2008a/).
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For the large scale thermal evolution due to climate changes, thermal data are needed for a larger 
area, outside the focused area. Data on mean heat capacity is supplied in Table A2‑13. It should not 
be assumed that a normal distribution adequately describes the data.

Thermal diffusivity 
Thermal diffusivity (m2/s) is a measure of a material’s ability to level out temperature differences. 
The thermal diffusivity (κ) for each domain can be calculated from the thermal conductivity (λ) and 
heat capacity (C) for each domain by the following equation: 

κ = λ/C	 	 	 	 	 	 	 	 	 	 A2-3

In Table A2‑14 the mean thermal diffusivity for each domain is calculated. 
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Temperature and geothermal gradient
The mean in situ temperature measured at 400 m, 500 m and 600 m depth, based on 4 boreholes, is 
estimated at 13.3°C, 14.8°C, and 16.3°C respectively, see Table A2‑15 and /Sundberg et al. 2008a/. 
The average gradient is approximately 13–16°C/km at repository depth. The temperature and the 
geothermal gradient versus elevation is displayed in Figure A2-8.

Table A2-14. Mean thermal diffusivity (m2/s) at 20°C based on the heat capacity and thermal 
conductivity in Table A2-10 and Table A2-13 respectively.

Rock domain Thermal diffusivity 
m2/s

RSMA01 1.36⋅10–6

RSMB06 1.23⋅10–6

RSMBA03 1.25⋅10–6

RSMD01 1.24⋅10–6

RSME14 1.10⋅10–6

RSMF01 1.81⋅10–6

RSMM01 1.20⋅10–6

RSMP01-A01 1.48⋅10–6

RSMP01-D01 1.41⋅10–6

Table A2-13. Heat capacity (MJ/(m³·K)) and temperature dependence (%/100°C) for a number of 
rock domains both within and outside the focused area.

Rock domain Dominant rock type /SKB 2006, 
Wahlgren et al. 2008/

Rock code 
(dominant)

Heat capacity 
(MJ/(m³·K))

Temperature 
dependence (%/100°C)

mean Std mean

RSMA011 Ävrö granodiorite 501056 2.16 0.06 24
RSMB062 Fine-grained dioritoid 501030 2.23 0.10 26
RSMBA033 Ävrö granite6 501044 2.23 0.12 25
RSMD014 Quartz monzodiorite 501036 2.23 0.06 25
RSME145 Diorite to gabbro 501033 2.44 0.04 21
RSMF015 Fine- to medium-grained granite 511058 2.04 0.08 297

RSMM011 Ävrö quartz monzodiorite 501046 2.21 0.12 26
RSMP01-A018 Ävrö granodiorite 501056 2.16 24
RSMP01-D019 Quartz monzodiorite 501036 2.23 25

1 Heat capacity has been modelled in SDM Laxemar Site /Sundberg et al. 2008a/. Temperature dependence is for 
dominant rock type /Sundberg et al. 2008a/.
2 No modelled heat capacity for domain. Heat capacity and temperature dependence for dominant rock type /Sundberg 
et al. 2005a/.
3 Heat capacity has been modelled in SDM Laxemar 1.2 /Sundberg et al. 2006/. Temperature dependence for dominant 
rock type /Sundberg et al. 2006/.
4 Heat capacity has been modelled in SDM Laxemar Site /Sundberg et al. 2008a/. Temperature dependence is for 
dominant rock type /Sundberg et al. 2005a/.
5 No modelled thermal conductivity for domain. Heat capacity and temperature dependence for dominant rock type 
/Sundberg et al. 2008a/.
6 Ävrö granite not subdivided into Ävrö quartz monzodiorite and Ävrö granodiorite in /Appendix 11 in Wahlgren et al. 2008/. 
7 Temperature dependence from Granite to granodiorite (101057) in Forsmark /Sundberg et al. 2008b/.
8 Shear zone. No modelled thermal properties for domain. Heat capacity from RSMA01. Temperature dependence for 
dominant rock type /Sundberg et al. 2008a/.
9 Shear zone. No modelled thermal properties for domain. Heat capacity from RSMD01. Temperature dependence for 
dominant rock type /Sundberg et al. 2005a/.
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Table A2-15. Temperature (°C) for the “approved” boreholes at the Laxemar site, at different 
levels (modified from Table 3-34 in /Sundberg et al. 2008a/).

Temperature (°C) at depth 
400 m 500 m 600 m

Arithmetic mean 13.3 14.8 16.3
Uncertainty +0.1/–0.2 ±0.1 ±0.1

Figure. A2-8 Summary of fluid temperature (a) and vertical temperature gradients calculated for nine 
metre intervals (b) for the five “approved” boreholes at Laxemar. Results from fluid temperature loggings 
from Figure 3-36 in /Sundberg et al. 2008a/.
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Heat generation
The heat generation based on mean proportions of different rock types in the rock and the content 
of U, Th and K is calculated to 2.13, 2.00 and 1.95µW/m3 for domains RSMA01, RSMM01 and 
RSMD01 respectively (Section 7.1.3 in /Sundberg et al. 2009a/). The uncertainty is judged to be 
within ±30% based on ±1 std for the dominant rock types /Sundberg et al. 2009a/. 

Heat flow
The palaeoclimatically corrected surface mean heat flow at Laxemar is suggested to be 56 mW/m2 
(Section 8.1 in /Sundberg et al. 2009a/). The heat flow determination is judged to be within +12% to 
–14%.

Thermal expansion coefficient
The mean thermal expansion coefficient for the main rock types in the Simepvarp-Laxemar area 
varies between 6.9·10–6 and 7.4·10–6 m/(m∙K), see /Sundberg et al. 2008a/. The mean values of 
measured thermal expansion for the different rock types are rather similar. 
 

Table A2-16. Measured thermal expansion (m/(m·K)) of different rock types (interval of tempera-
ture: 20–80°C) (Table 3-32 in /Sundberg et al. 2008a/ ).

Rock 
code

Rock name Arithmetic 
mean

St. dev. Min Max Number of 
samples

501030 Fine-grained dioritoid 6.9·10–6 1.5·10–6 4.6·10–6 9.9·10–6 17
501033 Diorite-gabbro 7.4·10–6 1.0·10–6 5.9·10–6 8.3·10–6 6
501036 Quartz monzodiorite 7.3·10–6 1.1·10–6 5.8·10–6 9.3·10–6 11
501046 Ävrö quartz monzodiorite 7.1·10–6 1.4·10–6 4.3·10–6 9.1·10–6 12
501056 Ävrö granodiorite 7.3·10–6 1.9·10–6 4.5·10–6 1.2·10–5 37

Temperature margin
There are uncertainties in input data as well as systematic over- and underestimates associated with 
the calculation of the peak buffer temperature in the thermal dimensioning of the repository. This is 
described in Section A2.6. The temperature margin up to the criteria is summarised in Table A2‑7.

A2.10	 Data recommended for use in the Comparative analysis 
All data presented in Section A2.9 “Result of supplier’s data qualification” together with the realisa-
tions of thermal properties (see Table A2‑2, item 3) and data in Table A2‑7 are recommended for use 
in the Comparative analysis. 
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A3	 Discrete-Fracture Network (DFN) models
The identification, mapping, modelling, and understanding of bedrock fractures at Laxemar are key 
components of the site description, which feeds directly into the Comparative analysis of safety 
related site characteristics. Fractures are important to both the design (available deposition volume, 
tunnelling and excavation stability) and the long-term performance (groundwater and heat flow, 
radionuclide transport in the event that a canister is compromised, and the question of post-glacial 
seismic safety) of a spent nuclear fuel repository.

The handling of fracture data from the site investigation can be divided into two general classes:

1.	 Description of the geometry, geology, morphology, genesis, and deformation history of brittle 
structures in the bedrock at Laxemar; and

2.	 Conceptual and mathematical representation of the fracture system in a format amenable to use in 
site characterisation, engineering design, and safety assessment efforts.

The description of the geometry and morphology of bedrock fractures includes the assessment of 
patterns of orientation, geometry and spatial arrangement, intensity, and size as functions of depth, 
spatial location, and geologic volumes (fracture- and rock domains). In addition, properties of 
importance to mechanical modelling, groundwater flow, and contaminant transport have also been 
assessed. These properties include aperture, mineral infilling, and fracture surface roughness.

SKB has chosen the discrete-fracture network (DFN) methodology /Munier 2004/ for the conceptual 
and mathematical representation of bedrock fractures (joints and faults) in repository design and 
numerical simulation. In a discrete-fracture network model, bedrock fractures are generally treated 
as infinitely thin planes of finite size (e.g. circular disks or n-sided planar polygons) in 3D-space. 
The geometric properties of the fractures can be considered either fixed (deterministic) or variable 
(stochastic) in space and/or time as probability functions /NRC 1996/. This is in contrast to the sto-
chastic continuum approach, frequently used in numerical modelling of groundwater and heat flow, 
where the fracture system is treated as bulk volumetric properties (conductivity, storage, etc) of  the 
rock mass and the geometries of individual features are largely ignored. The DFN methodology is 
well-suited to groundwater flow, contaminant transport, and mechanical modelling in rocks where the 
fractures dominate the bedrock structure and flow system, as in the massive igneous and metamorphic 
rocks that make up the bedrock at Laxemar.

A corresponding text for the Forsmark site is found in Section 6.3 of the SR-Site Data report /SKB 
2010/. We have chosen not to repeat aspects that are general for both sites, but instead to refer to 
the corresponding Forsmark text. Therefore, we strongly recommend the reader to first examine 
Section 6.3 of the SR-Site Data report, and thereafter read this present text. 

A3.1	 Modeling as input to the Comparative analysis of safety related site 
characteristics

The elements of Discrete Fracture Network models are summarised in Section 6.3.1 of SR-Site Data 
report, where also a brief introduction to the discrete-fracture network terminology is given. For further 
readings on the DFN concept and the vocabulary associated with DFN modelling at Laxemar, readers 
are encouraged to consult SKB’s DFN methodology document /Munier 2004/.

Defining the data requested from the supplier
The supplier is expected to provide a complete description of a stochastic model for fractures and 
minor deformation zones outside of deformation zones (DZ) and inside fracture domains at Laxemar. 
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The parameterisation of the stochastic model should be based on observed data. The minimum 
parameters necessary to define a geological DFN model are specified below: 

•	 Domain: Refers to the volume for which the DFN parameters are valid, e.g. fracture domains, 
rock domains, hydraulic domains, and other relevant volumes as required;

•	 Set ID: Refers to the fracture set for which the parameters are valid. It is common practice to use 
the mean orientations of the planes, such as “ENE”, “SubH”, etc to identify sets;

•	 Trend (°): Refers to the trend of the mean fracture pole (normal) of a fracture set;

•	 Plunge (°): Refers to the plunge of the mean fracture pole (normal) of a fracture set;

•	 κ (–): The Fisher concentration parameter, for the univariate Fisher distribution;

•	 rmin (m): The minimum fracture radius for which the DFN model is valid. Unless stated differ-
ently, rmin = r0;

•	 rmax (m): The maximum fracture radius for which the DFN model is valid. It has been common 
practice in the SDM work to use rmax = 564.2 m, which corresponds to a fracture with a one-sided 
surface area of 1 km2. At Laxemar, a surface trace length cut-off of 1,000 m was used as the boundary 
between stochastic DFN models and deterministic DZ models. As such, rmax corresponds to the 
equivalent radius of a square fracture 1,000 long by 1,000 m deep.

•	 P32 (m2/m3): The intensity of fractures and minor deformation zones in the size range rmin – rmax.

•	 Fracture size distribution parameters: For a power-law distribution, this is the scaling exponent kr 
and the minimum radius r0; for a log-normal distribution of fracture size, it would be the distribu-
tion mean radius r – (m) and standard deviation σ (–).

Modelling activities in which data will be used
DFN models will be used to:

•	 Estimate the intersection probabilities of fractures with canisters, deposition holes, and excavation 
structures. The fracture intersection probabilities control the degree of utilisation of the repository, 
which influences the rock volume required for a particular design /Hedin, 2008, 2010, Munier 2010/;

•	 Understand the risks of buffer degradation, canister failure, and the compromise of repository 
integrity during a seismic event. The risk is quantified by the computation of the number of 
canisters that are intersected by critically-large fractures /Munier and Hökmark 2004, Hedin 
2008, 2010, Fälth et al. 2010, Munier 2010/;

•	 Describe the saturated bedrock flow system at site and local scales. The groundwater flow model 
is a fundamental input to hydrochemical and solute transport models, which themselves are 
integral parts of the repository safety assessment and long-term safety calculations. Note that the 
hydrogeological DFN is a separate entity from the geological DFN (cf. Chapter A6) and is not 
discussed further within this present appendix; nevertheless, both conceptualisations are based 
on similar fracture data.

A3.2	 Supplier input on use of data in the Comparative analysis
The Laxemar site generally has higher fracture intensity than the Forsmark site. The fracture network 
(DFN models) affects the assessed degree of utilisation of the repository; both by way of determin-
ing which rock volumes can be used for deposition tunnels, and for estimating the fraction of deposi-
tion holes that need to be discarded. As the Laxemar host rock is more fractured than the Forsmark host 
rock, this may result in a degree of utilisation that is lower in Laxemar than in Forsmark. Additionally, 
this implies that the groundwater flow through the postulated repository may be higher at the Laxemar 
site than at the Forsmark site, which may have implications for the canister integrity and radiological risk. 

The objective of this appendix is to supply input data to the Comparative analysis for the selected 
design, with bearing on issues of long-term safety. 
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A3.3	 Sources of information and documentation of data qualification
Sources of information
The geologic DFN models, derived as a component of the Laxemar site investigation, are presented 
as stand-alone reports for each modelling stage of the Laxemar site-descriptive modelling. For the 
Comparative analysis, the DFN work presented in /La Pointe et al. 2008/ are used together with 
relevant sections of the SDM-Site report /SKB 2009, pp 133–164/. 

Summary tables of DFN parameters, including fracture orientation, size, and intensity statistical 
distributions, are archived as Microsoft Excel workbooks in SKB’s model database. Other sources 
of information used for the derivation of the DFN models are declared in /La Pointe et al. 2008, 
Section 2.1, pp 15–24/.

Table A3-1. Main sources of information used in data qualification.

La Pointe P, Fox A, Hermanson J, Öhman J, 2008. Geological discrete fracture network model for the Laxemar site. 
Site Descriptive Modelling, SDM-Site Laxemar. SKB R-08-55, Svensk Kärnbränslehantering AB.
SKB, 2009. Site description of Laxemar at completion of the site investigation phase. SDM-Site Laxemar. SKB TR-09-01, 
Svensk Kärnbränslehantering AB.
SKB, 2010. Data report for the safety assessment SR-Site. SKB TR-10-52, Svensk Kärnbränslehantering AB.

Table A3-2. Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. Modelldatabasen, 2008. Model: DFN LAX v2.3 (site).xls. Version 0.5. Approved 2008-08-19, 
Modeller: A. Fox. DatabaseID: GEO_HXXZNQSH. Svensk Kärnbränslehantering AB. 

None.

1. The data in the SKB model database are considered to be qualified, as they result from the Laxemar site-descriptive 
modelling, which has been peer-reviewed. The data are obtained in a quality assured manner and are relevant for 
the site. 

Categorising data sets as qualified or supporting data
Geological discrete-fracture network models at Laxemar were constructed exclusively from quali-
fied data extracted from SKB quality-assured databases (SICADA and SDE). The results of the 
site-descriptive modelling, in terms of geological DFN data, are stored in the SKB’s model database. 
The full reference to these data, which are considered to be qualified, is shown in Table A3-2. 
 

Excluded data previously considered as important
No data has been excluded as compared to previous versions of the DFN models.

A3.4	 Conditions for which data are supplied
The DFN models are supplied for rock volumes within fracture domains FSM_C, FSM_EW007, 
FSM_N, FSM_NE005, FSM_S, and FSM_W (Figure A3-1), as defined in /SKB 2009, Section 5.6.1, 
pp 160 ff/.
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Figure A3-1. Fracture domains and midplane of bounding deformation zones at Laxemar. Reproduced 
from /SKB 2009, Figure 5-57/.

The DFN parameterisation is valid for fractures and minor deformation zones within a size range of 
r0 m to 564.2 m; the latter represents the transition from stochastic fracture modelling to deterministic 
deformation zones (Figure A3-2), as interpreted in /Wahlgren et al. 2008, SKB 2009/. The geological 
DFN is defined for all fractures; no distinction is made between open, sealed, or hydraulically 
significant fractures.

Changes in fracture properties as functions of future processes (underground construction, de-watering, 
thermal loading, climate change, or additional mechanical loading from future glacial cycles) have 
not been assessed by the geological DFN team.

A3.5	 Conceptual uncertainty
Most of the conceptual uncertainty that applies to the Forsmark site also applies to the Laxemar site. 
Therefore, the corresponding text in the SR-Site Data report /SKB 2010, Section 6.3.6/ is generally 
referred to. The conceptual uncertainties in the Laxemar DFN model resulted in a number of DFN 
model variants (see /La Pointe et al. 2008, Section 4.3.1/ for details). Of these, the so called “BM 
model” was used as base model for simulations in downstream models (e.g. intersection probabilities) 
and the alternative DFN models were used to bracket the uncertainty space.
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Figure A3-2. An overview of deterministically modelled deformation zones in Laxemar. From /Wahlgren 
et al. 2008, Figure 5-30/.
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A3.6	 Data uncertainty due to precision, bias, and representativity
Generally the data uncertainties that apply to the Forsmark site also apply to the Laxemar site. 
Therefore, the corresponding text in the SR-Site Data report /SKB 2010, Section 6.3.7/ is referred to.

A3.7	 Spatial and temporal variability of data
The spatial variability of the fracture network is handled by assigning different DFN models to the 
different fracture domains.

Temporal variability of fracture data has not been taken into account during site-characterisation 
efforts or reporting. The temporal variability is judged to have little consequences for the site selection.

A3.8	 Correlations
The same correlations are used for geological DFN modelling for the Forsmark site as for the Laxemar 
site. Therefore, the corresponding text in the SR-Site Data report /SKB 2010, Section 6.3.9/ is referred to.

A3.9	 Result of supplier’s data qualification
Based on the results of analyses performed during site characterisation, the outcome of discussions 
with reviewers associated to the site-descriptive modelling, and the professional judgement of the 
geological DFN team, the following data is recommended for use in the stochastic simulation of 
fractures and minor deformation zones in the Comparative analysis:

1.	 Each fracture domain has its own orientation model defined (sheet “orientation”, in “DFN LAX 
v2.3 (site).xls” referred to in Table A3-2). For the calculation of P32, the orientation model 
“FSM_Envelope” is used for all fracture domains.

2.	 DFN models are described for all fractures (open, partly open, and sealed) within a size range 
(equivalent radius) of 0.5–564.2 m; the DFN parameterisation is not valid outside those limits.

3.	 Size distribution models for each set, and each fracture domain, are provided in the sheets 
“CoupledSizeIntensity_Euclidean” and “CoupledSizeIntensity_Fractal” as a function of conceptual 
model.

4.	 Intensity models for each set, and each fracture domain, are provided in the sheets 
“CoupledSizeIntensity_Euclidean” and “CoupledSizeIntensity_Fractal” as a function of conceptual 
model.

5.	 Fracture set terminations for all fracture domains should be taken from worksheet “Termination 
Matrix”.

A3.10	 Data recommended for use in the Comparative analysis
The authoritative source for all parameters necessary to describe the geological DFN at Laxemar is 
the worksheet “DFN LAX v2.3 (site).xls” in the SKB model database, as referenced in Table A3-2. 
Specific considerations are given in Section A3.9. 
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A4	 Rock mechanics
This appendix presents the mechanical properties of the rock and fractures (for fractures also hydro-
mechanical properties) as wells as the stress conditions needed for the assessment of the thermo-
hydro-mechanical (THM) evolution of the rock on different scales. These quantities are assessed 
from the Laxemar site-descriptive model reports (SDM-Site) and the version D2 repository layout.

In the SR-Site Data report /SKB 2010, Section 6.4/ the corresponding data are given for the Forsmark 
site. In a few instances, issues that are not site specific are detailed in the SR-Site Data report, to 
which references are made. 

A4.1	 Modelling as input to the Comparative analysis of safety related site 
characteristics

This section describes what data are expected from the supplier, and in what modelling activities 
the data are to be used.

Defining the data requested from the supplier
The modelling requires the following geosphere input data with estimates of spatial and temporal 
variability as well as associated uncertainties:

•	 Rock mass elastic properties for the different scales of importance (Young’s modulus E (GPa) 
and Poisson ratio υ (–)).

•	 Rock mass density ρ (kg/m3).

•	 Uniaxial compressive strength UCS (MPa) and spalling strength (% of UCS).

•	 Fracture friction angle φ (°) and cohesion c (MPa).

•	 Principal in situ stress magnitudes σ1, σ2, and σ3 (MPa) and orientations of stress components 
in terms of plunge and trend (°).

•	 Evolution of stress additions during glacial cycle (glacially induced stresses), principal stress 
magnitudes σ1, σ2, and σ3 (MPa) and orientations of stress components in terms of plunge and 
trend (°).

•	 Stress-transmissivity relations:
–	 Parameter values for the continuously-yielding joint model /Itasca 2007/, i.e. JKN (MPa/mm) 

and JEN (–). 
–	 Joint roughness coefficient JRC (–).
–	 Parameters for exponential expression of hydraulic apertures /Liu et al. 2004/, i.e. er (μm), 

emax (μm) and α (–).

Modelling activities in which data will be used 
The THM-evolution of the rock at Laxemar is assessed for the construction and operational phase, 
during the initial period of temperate climate after closure, and during the remaining part of the 
reference glacial cycle. The main results of these analyses concern:

1.	 Estimates of mechanically induced changes of the transmissivity of fractures that intersect the 
far-field, due thermal effects and effects of ice load.

2.	 Estimates of the scope and extent (time-frames and location) of fracturing around deposition 
holes (spalling), and based on this, a qualitative assessment of the potential hydraulic impact of 
this fracturing.

The mechanical and thermo-mechanical modelling is conducted using version 4.1 of the extensively 
tested 3DEC code /Itasca 2007/. 3DEC is a distinct element code, particularly developed to analyse 
the mechanical and thermo-mechanical behaviour of jointed media such as fractured rock. The results 
of the rock mechanics modelling are presented in the THM-report /Hökmark et al. 2010/.
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In addition to the rock mechanics data given in this appendix, the modelling also needs the following 
thermal/thermo-mechanical (cf. Chapter A2) and hydraulic properties (cf. Chapter A6) of the rock 
mass. The data needed are listed below: 

1.	 Rock mass thermal conductivity λ (W/(m∙K)) and heat capacity C (J/(m3·K)).
2.	 Rock mass thermal expansion coefficient α (m/(m∙K)).
3.	 In situ temperature at repository depth T (°C).
4.	 Fracture transmissivity T (m2/s).

Furthermore, the modelling needs

5.	 repository design, i.e. geometry and dimensions of deposition tunnels and deposition holes /SKB 
2007/,

6.	 layout, i.e. coordinates of individual canister positions /SKB 2009c/,
7.	 Initial canister power and decay-rate of the spent nuclear fuel /Hökmark et al. 2009/.

A4.2	 Supplier input on use of data in the Comparative analysis
The Comparative analysis presented in Chapter 4 focuses on the potential for thermally induced 
spalling and thus only needs a subset of the data presented in this Appendix. However, the rock 
mechanics modelling presented in the THM-report /Hökmark et al. 2010/ also considers estimates 
of mechanically induced changes of the transmissivity of fractures that intersect the far-field, due 
thermal effects and effects of ice load. The data presented in this appendix thus also serves a the 
formal basis for the input to the other Laxemar analyses in /Hökmark et al. 2010/.

A4.3	 Sources of information and documentation of data qualification
Sources of information
The main sources of information used in the data qualification of rock mechanics data are presented 
in Table A4-1.

Categorising data sets as qualified or supporting data
The qualified and supporting data sets are presented in Table A4-2. Comments regarding each item 
are given in Table A4-3. Data sets taken from the site-descriptive modelling /Hakami et al. 2008/ (i.e. 
items 1–5) can a priori be categorised as qualified data. They have subsequently been judged to be 
qualified according to the instructions for supplying data to the SR-Site Data report (cf. /SKB 2010, 
Section 2.3/).

Table A4-1. Main sources of information used in data qualification.

Andersson C J, 2007. Äspö Hard Rock Laboratory. Äspö Pillar Stability Experiment, Final report. Rock mass response 
to coupled mechanical thermal loading. SKB TR-07-01, Svensk Kärnbränslehantering AB.
Hakami E, Fredriksson A, Lanaro F, Wrafter J, 2008. Rock mechanics Laxemar. Site descriptive modelling, SDM-Site 
Laxemar. SKB R-08-57, Svensk Kärnbränslehantering AB.
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Table A4-2.  Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. Intact rock uniaxial compressive strength: Tables 3-2 
and 3-13 /Hakami et al. 2008/

6. Spalling strength: Tables 3-2 and A.1 /Martin 2005/;  
Section 8.2 and Section 11 /Andersson 2007/.

2. Rock mass deformation properties: Table 5-11 
/Hakami et al. 2008/

7. Rock mass density: Appendix 11 (pp. 353, 371 and 385) 
/Wahlgren et al. 2008/

3. Fracture friction angle and cohesion: Table 4-14 
/Hakami et al. 2008/

8. Stress-transmissivity relations: 
• Model parameters JKN and JEN for the continuously-
yielding joint model: Section 5.1 (normal stress-normal 
displacement curves based on direct measurements) in 
each of /Jacobsson and Flansbjer 2005a, b, 2006a, b/
• Joint roughness coefficient: Table 4-2 /Hakami et al. 2008/
• Initial (or residual) hydraulic aperture: Table 9-12 /Rhén 
et al. 2008/

4. Initial pre-mining stress magnitudes and orientations: 
Table 6-11 /Hakami et al. 2008/ and the major principal 
stress in Table 2-7 /Andersson 2007/
5. Evolution of stress additions during glacial cycle: 
Figure 7-18 /Lund et al. 2009/

Table A4-3.  Justification for the sorting of items in Table A4-2.

1. Primary data for intact rock are obtained by laboratory (small) scale testing /Hakami et al. 2008/. Lower level references 
to test methods as well as discussions on uncertainties are also provided by /Hakami et al. 2008/. 
2. The deformation properties of the rock mass are obtained from two different modelling approaches /Hakami et al. 
2008/:

– An empirical approach, which is based on classification systems and empirical relationships.
– A theoretical approach, which is based on numerical modelling.
– The final estimate of the rock mass deformation properties is made by weighting the results together – a process 

known as “Harmonisation”. More detailed information regarding the process is provided by /Hakami et al. 2008/.
3. The Mohr-Coulomb strength properties of fractures reported in /Hakami et al. 2008/ are based on laboratory results 
from tilt tests and direct shear tests of discrete fractures and are expected to represent the majority of single open 
fractures. However, they do not represent sealed fractures and are also not expected to represent the highly water-
conductive fractures. The latter ones were not represented in the population selected for mechanical testing /Hakami 
et al. 2008/. Lower level references to test methods as well as discussions on uncertainties are also provided by 
/Hakami et al. 2008/.
4. The stress additions during a glacial cycle are based on 3D simulations of the glacial isostatic adjustment /Lund 
et al. 2009/ due to a Fennoscandian ice model by Näslund /SKB 2006a/. The numerical model used to calculated 
glacially induced stresses has been extensively tested and verified against other, independent, codes as well as 
compared with GPS measurements of glacial isostatic adjustments (GIA) data /Lund et al. 2009/. Therefore, this data 
set can be judged to be qualified according to the instructions for supplying data to the Data report. 
5. Stress-induced transmissivity changes are based on the continuously-yielding joint model (CY model) /Itasca 2007/, 
using lab-scale stress-stiffness data and average hydraulic apertures at repository depth, and an exponential relation 
/Liu et al. 2004/ to account for a residual aperture at high normal stress. The stress-transmissivity relations should 
therefore be considered a supporting data set.
6. The spalling strength is expressed as the range 52–62% of the uniaxial compressive strength (UCS) in each rock 
domain based on the findings from AECL’s Mine-by experiment (e.g./ Martin 2005/) and the Äspö Pillar Stability 
Experiment (APSE) /Andersson 2007/ and should therefore be considered a supporting data set.
7. The value of the rock mass density is generic (2,700 kg/m3) and used to calculate the vertical stress component. 
It should therefore be considered a supporting data set.
8. The in situ stress model for Laxemar, i.e. initial pre-mining stress magnitudes and orientations, is based on direct 
measurements (overcoring, hydraulic fracturing and hydraulic testing on pre-existing fractures) and indirect observa-
tions (borehole breakouts, core disking and tests of microcrack porosity) from the site investigation as well as results 
from numerical modelling /Hakami et al. 2008/. An upper bound estimate of the major horizontal in situ stress is taken 
to be that of the back calculated in situ stress state from the Äspö Pillar Stability Experiment (APSE) /Andersson 2007/.

For the qualified data sets in Table A4-2, more extensive discussions on the uncertainties, variability 
and methodology used in the acquisition of data associated with each set of parameters are provide 
by the references given in Table A4-1 and Table A4-2; a summary is provided in the following sec-
tions. For the supporting data sets (with the exception of rock mass density), discussions regarding 
uncertainties and variability for each set of parameters are provided in the following sections.

Excluded data previously considered as important
No important data has been excluded from the analyses. 
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A4.4	 Conditions for which data are supplied
All data supplied are valid at present-day conditions at the site and based on current knowledge 
of the site conditions, cf. Table A4-2. The rock volumes the data concern are clearly indicated 
throughout this appendix. 

The stress additions during a glacial cycle, provided by /Lund et al. 2009/, are valid at 500 m depth, 
i.e. repository depth.

 
A4.5	 Conceptual uncertainty
Strength properties of intact rock
The conceptual uncertainties relating to the uniaxial compressive strength are judged to be low. 
Factors contributing to the conceptual uncertainty of the spalling strength are:

•	 Relative humidity: Reduced humidity seems to increase the spalling strength /Glamheden et al. 
2010/.

•	 Stress path: The Äspö Pillar Stability Experiment (APSE) /Andersson 2007/ was designed to give 
high tangential stresses after excavation. For a more gentle stress path, the spalling strength may 
be different. 

Elastic properties of rock mass
The elastic properties of the rock mass are obtained from two independent modelling approaches 
/Hakami et al. 2008/. The main conceptual uncertainties associated with the two approaches are 
listed below: 

•	 In the empirical approach, no explicit stress dependence in any of the parameters is assumed, 
whereas in the theoretical approach there is /Hakami et al. 2008/. Figure A4-1 shows an example 
of the rock mass deformation modulus evaluated at different levels of confining pressure. As seen 
in the figure, the stress-dependence is small. 

•	 For both the empirical and theoretical approaches, it is assumed that the rock mass is isotropic 
/Hakami et al. 2008/. As there is no strong anisotropy in terms of fracturing in the different 
fracture domains /Hakami et al. 2008/, this assumption appears to be valid.

•	 Both modelling approaches involve a certain degree of subjectivity /Hakami et al. 2008/. For 
the empirical approach, factors such as the size of sample populations and subjectivity in the 
characterisation of the rock mass will contribute to the conceptual uncertainty. For the theoretical 
approach, there are conceptual uncertainties related to input data to the models, i.e. elastic proper-
ties of the rock, the mechanical properties of fractures, and the geological DFN model /La Pointe 
et al. 2008/.

A measure of the conceptual uncertainty can be found by examining the differences in results from 
the empirical and theoretical approaches. The mean values of Young’s modulus obtained from the 
theoretical and empirical approaches deviate by 0.2–10.2 GPa from each other /Hakami et al. 2008/ 
with the largest difference in fracture domain FSM_W and smallest difference in fracture domain 
FSM_EW007, cf. Figure A4-2. Empirical characterisation, based on the Q and RMR systems, is 
not available for fracture domain FSM_W /Hakami et al. 2008/, which makes the uncertainty in 
this domain larger. It should also be noted that no theoretical modelling was performed for fracture 
domain FSM_N /SKB 2009b/. However, results from both methods indicate that the five fracture 
domains at Laxemar can be divided into two groups with similar properties /Hakami et al. 2008/. 
The group comprising fracture domains FSM_C, FSM_W and FSM_NE005 has a higher value of 
Young’s modulus than the group comprising fracture domains FSM_N and FSM_EW007 /Hakami 
et al. 2008/. A corresponding comparison of the difference in Poisson’s ratio is not relevant as the 
harmonised value for Poisson’s ratio is based mainly on the theoretical approach /Hakami et al. 
2008/, cf. section on uncertainty due to precision and bias. 
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Figure A4-1. Rock mass deformation modulus (left) and Poisson’s ratio (right) evaluated at different levels 
of confining pressure by use of the theoretical approach in fracture domain FSM_C, data compiled from 
/Hakami et al. 2008, Tables A4-1 to A4-3, A4-5 to A4-7, A4-9 to A4-11, A4-13 to A4-15, A4-17 to A4-19 and 
A4-21 to A4-23/.

Figure A4-2. Comparison between Young’s modulus of the rock mass obtained by the empirical and theoretical 
approaches, from /Hakami et al. 2008, Figure 5-10/. Note that theoretical modelling of fracture domain 
FSM_N was not performed /SKB 2009b/.

Mohr-Coulomb strength properties of fractures
The conceptual uncertainties relating to the lab-scale measurements of fracture strength properties 
are judged to be small. Uncertainties relating to scale effects are discussed in the subsection on 
uncertainty due to precision and bias (A4.6). 
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In situ stresses
The main conceptual uncertainty associated with hydraulic fracturing and hydraulic testing of pre-
existing fractures (HTPF) methods is that in small-diameter boreholes (such as those used by SKB, it 
is assumed that the fracture orientation at the end of the test is the same as the measured orientation 
of the fracture at the injection-borehole wall /Martin 2007/.

Evolution of stress additions during a glacial cycle
The conceptual uncertainty associated with the evolution of the stress additions during a glacial 
cycle is judged to be large and is also, in comparison with uncertainties due to precision, bias and 
representativity, the largest uncertainty, see Section 6.4 in the SR-Site Data report /SKB 2010/ for 
a more extensive discussion. The uncertainties are related to the following:

•	 The modelling approach: /Lund et al. 2009/ do not consider the influence of tectonic strain, the 
shear impact of the ice, or thermo-mechanical effects during the glacial cycle. The total effect of 
the first two together is estimated to be at most 1 MPa /SKB 2010/. Estimates of the magnitude 
of the stress reductions due to the temperature reduction of the rock during permafrost conditions 
are made for the Forsmark site in the THM report /Hökmark et al. 2010/ and not quantified here.

•	 The ice model: SKB’s reference ice model by Näslund /SKB 2006a/ is based on a reconstruction of 
the Weichselian glaciation. A different model of the latest glaciation /Lambeck 2005/ resulted in a 
thinner ice that covered the site for a much longer period in time than Näslund’s ice. A comparison 
of the temporal evolution of the ice sheet thickness at Laxemar from the two models is shown in 
Figure A4-3. /Lund et al. 2009/ modelled the evolution of the glacially induced stresses due to 
Näslund’s ice and found the magnitude of the horizontal stress components to be significantly 
smaller than the corresponding ones obtained by /Lambeck 2005/. /Lund et al. 2009/ attribute the 
higher stress magnitudes obtained from Lambeck’s model to be a result of a combination of thinner 
lithosphere, lower upper mantle viscosity and longer duration of ice coverage. 

•	 The earth model: /Lund et al. 2009/ consider a number of different earth models. Although there 
are quantitative differences in resulting stress magnitudes between these models, the temporal 
variations largely follow those of the ice model (Figure A4-3). In terms of fit to GPS data and 
sea level data, /Lund et al. 2009/ choose Model T9 (a horizontally stratified earth model) as their 
preferred model as its lithospheric elastic structure is in agreement with the Fennoscandian seismic 
investigation, cf. Section 6.4 in the SR-Site Data report /SKB 2010/. By inspection of the stress 
results /Lund et al. 2009, Figure 7-18/ during the last glacial advance and retreat (without considering 
results from the overly pessimistic Model 1), the glacially induced stresses from the different earth 
models appear to be within ±10 MPa of those from the preferred model (Model T9). The vertical 
stress is identical in all earth models and reflects the ice load, i.e. the thickness of the ice sheet. 

Figure A4-3. Evolution of ice thickness at Laxemar from two different ice models, from /Lund et al. 2009/. 
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Stress-transmissivity relations
The conceptual uncertainty associated with the stress-transmissivity relations is judged to be large 
and is also, in comparison with uncertainties due to precision, bias and representativity, the largest 
uncertainty, see the SR-Site Data report /SKB 2010/ for a more extensive discussion. The conceptual 
uncertainty is associated with:

•	 The nature of stress-stiffness relations of individual fractures: For the purpose of estimating the 
sensitivity of fracture transmissivities to variations in normal stress, the stress-dependence of the 
fracture normal stiffness is approximated by the continuously-yielding (CY) joint model /Itasca 
2007/, cf. Section A4.8. Figure A4-4 (lower two rows) shows fracture normal stiffnesses at 1, 5 
and 10 MPa estimated from stress-deformation plots in /Jacobsson and Flansbjer 2005a, b, 2006a, 
b/ with the CY model (straight lines) fitted to the data points. In the stress-range 1–10 MPa, there 
is reasonable agreement between the CY-model and the stress-stiffness data obtained from the 
measurements.

•	 Estimates of the hydraulic aperture and fracture transmissivity: The CY model does not account 
for a residual aperture, which is important at high normal stress (e.g. /Rutqvist and Tsang 2008/), 
and may therefore overestimate the joint normal closure at high normal stress. To account for 
this, an exponential expression suggested by /Liu et al. 2004/ is fitted to the hydraulic aperture. 
The relative transmissivity is calculated from hydraulic aperture assuming the cubic law to hold.

•	 Normal stiffness and hydraulic properties of individual fractures: 
–	 Normal stiffness: The tangent normal stiffness at a given level of normal stress is estimated 

from cyclic compression tests of core samples from Laxemar /Jacobsson and Flansbjer 2005a, 
b, 2006a, b/. Results from the laboratory scale tests are taken to be representative of fractures 
of all sizes, although, in reality, the normal stiffness may be scale-dependent In order to return 
a sample to a state that is representative for in situ conditions, several load-unload cycles 
are needed /Martin et al. 1990/. /Jacobsson and Flansbjer 2005a, b, 2006a, b/ performed two 
load-unload cycles at normal stress-levels up to 10 MPa, cf. Figure A4-4 (top row). Here, the 
CY-model parameters are evaluated after the second load cycle. By visual inspection of the 
graphs given in /Jacobsson and Flansbjer 2005a, b, 2006a, b/, it appears that the tangent normal 
stiffness, at a given level of normal stress, in the stress-range 1–10 MP does not vary in any 
significant way from the first unload cycle through the second load-unload cycle. 

–	 Hydraulic properties: /Hökmark et al. 2006/ concluded that fractures with high residual, or 
initial, apertures (i.e. high transmissivity) are less sensitive to variations in normal stress. 
This is supported by results from hydraulic jacking tests in borehole KLX02 at Laxemar 
described in e.g. /Rutqvist and Tsang 2008/ where it was found that pressure sensitivity was 
strongly dependent on the initial hydraulic permeability. The residual hydraulic aperture is 
not a parameter whose value can be estimated from present-day in situ transmissivity data 
presented in the site report, e.g. /Rhén et al. 2008/. By noting that there appears to be a trend 
of decreasing transmissivity values with depth, the residual aperture is here taken to be the 
average present-day hydraulic aperture at large depths (calculated from transmissivity values 
given by /Rhén et al. 2008/ through the cubic flow law).

Considering the uncertainties associated with the stress-transmissivity relations, it is not feasible 
to derive stress-transmissivity relations for individual fractures. Instead, two stress-transmissivity 
relations will be given: 1) One based on mean value fracture stiffness data to estimate the average 
response to variations in normal stress and 2) one based on fracture stiffness data that give an upper 
bound estimate to the sensitivity to variations in normal stress.
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Figure A4-4. Example of a cyclic loading compression test (top row), modified from /Jacobsson and 
Flansbjer 2005a/. CY model (straight lines) fitted to stress-stiffness estimates obtained from stress-deformation 
curves in /Jacobsson and Flansbjer 2005a, b, 2006a, b/. The value of JKN ranges between 119 and 918 MPa/
mm (mean 367 MPa/mm); JEN ranges between 0.36 and 1.46 (mean 0.86).
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A4.6	 Data uncertainty due to precision, bias, and representativity
Data uncertainty due to precision and bias
The following factors contribute to the uncertainty due to bias and apply for all rock mechanics 
parameters /SKB 2009a/:

•	 There could be directional bias, as most core samples were taken from sub-vertical boreholes.

•	 There is sparse data coverage in the southern subarea at Laxemar. Particularly for rock domain 
RSMM, there might be bias in the mechanical properties if samples from the available boreholes 
are not representative of the whole domain.

Strength properties of intact rock
The uncertainties due to precision and bias relating to the uniaxial compressive strength of intact 
rock are judged to be small based on the following:

•	 Sampling strategy: Samples were selected from all rock types expected to constitute more than 
3% of the rock volume in each rock domain /Hakami et al. 2008/. For the most frequently occur-
ring rock types a larger number of samples were taken /Hakami et al. 2008/. In total, 137 uniaxial 
tests were performed on core samples from 16 boreholes in the Laxemar local model area and at 
the Simpevarp peninsula together with 8 additional tests on samples containing sealed fractures 
/Hakami et al. 2008/. The number of tests was judged to be sufficient for reliable statistics, at 
least for the fresh and most frequent rock types, and the spatial distribution of sampling points 
(boreholes) was also adequate /Hakami et al. 2008/.

•	 Altered rock: /Hakami et al. 2008/ found that oxidisation leads to lower strength and saussuritisation 
leads to higher strength than unaltered rock, respectively. About 10% of rocks outside the deforma-
tion zones in rock domain RSMD01 and about 14% in rock domain RSMM01 are expected to be 
oxidised to some degree /Wahlgren et al. 2008/. For oxidised rock (Quartz monzodiorite and Ävrö 
quartz monzodiorite), /Hakami et al. 2008/ recommend that the mean values presented for UCS 
and crack initiation stress should be reduced by 7% and 8%, respectively.

•	 Microcracking: Observations of increasing slight core damage with depth were made based on 
microcrack volume determinations on samples from borehole KLX17A /Hakami et al. 2008/. 
However, this core damage did not appear to affect the strength of the samples as no depth trend 
was observed.

•	 Interlaboratory differences: Laboratory tests on core samples from borehole KSH01A located on 
the Simpevarp peninsula were performed by the Swedish National Testing and Research Institute 
(SP) /Jacobsson 2004/ and Helsinki University of Technology (HUT) /Eloranta 2004/. The results 
appear to be in good agreement, cf. Figure A4-5, although the sample population tested by HUT 
was significantly smaller (5 samples) than that tested by SP (20 samples of which 5 were discarded 
due to observed imperfections). Note that the results by /Eloranta 2004/ were not taken into account 
in the site model for Laxemar /Hakami et al. 2008/. A similar comparison was made on samples 
from Forsmark as part of the preliminary site description for that site. /Lanaro and Fredriksson 
2005/ found that the mean uniaxial compressive strength determined by the two laboratories 
differed by about 5%.

No field experiments of the spalling strength of the rock types at Laxemar (other than APSE 
/Andersson 2007/) have been conducted. Therefore the uncertainty due to precision and bias cannot 
be quantified. However, /Andersson 2007/ suggested that the crack initiation stress could be used to 
assess the spalling strength. A correlation was found between the uniaxial compressive strength and 
the crack initiation stress /Hakami et al. 2008/. A few examples, for different rock types, are pre-
sented in Figure A4-6. For the tested samples, the ratio between crack initiation stress and uniaxial 
compressive strength was found to be in the range 0.52–0.57 /Hakami et al. 2008/. Therefore, the 
assumed lower bound spalling strength (52% of UCS, cf. Table A4-2) appears to be adequate. 
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Figure A4-5. Comparison between laboratory results of the uniaxial compressive strength from sam-
ples obtained from borehole KSH01A and tested at SP /Jacobsson 2004/ and HUT /Eloranta 2004/. 
Note that a further five samples were tested by SP. However, these were not considered representative of 
homogeneous rock due to observed imperfections (weakness zone, multiple cracks and failure in sealed 
fractures) /Jacobsson 2004/.

Figure A4-6. Examples of correlations between UCS and crack initiation stress for different rock types, 
from /Hakami et al. 2008, Figure 3-10/.
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Elastic properties of rock mass
The elastic properties of the rock mass at Laxemar are based on harmonised results from two inde-
pendent approaches /Hakami et al. 2008/, which are in reasonably good agreement with each other, 
cf. Figure A4-2. The harmonised value of the deformation modulus is based on results from both 
approaches with equal weighting. The value for Poisson’s ratio based on the empirical approach is 
limited to that of intact rock, whereas the corresponding value based on the theoretical approach can 
be larger than that for intact rock /Hakami et al. 2008/. Therefore, the harmonised value for Poisson’s 
ratio is based mainly on the theoretical approach. The estimates of the elastic properties from the the-
oretical approach do not include effects of deformation zones (including minor deformation zones). 
Therefore, the variation in mechanical properties may be underestimated /Hakami et al. 2008/.

Mohr-Coulomb strength properties of fractures
The Mohr-Coulomb strength properties are based on results from tilt tests and direct shear tests 
of fractures taken from drill core samples /Hakami et al. 2008/. There are significant differences 
in results from the tilt tests and the shear tests. However, results from the tilt tests are considered 
less reliable than corresponding ones from shear tests /Hakami et al. 2008/. Therefore, /Hakami 
et al. 2008/ recommend that results from the shear tests should be used as they are based on direct 
measurements at stress levels comparable with those expected at repository depth. As the tilt tests 
are more numerous (199 tests) compared with the shear tests (71 tests on open fractures), the former 
results have been used in the assessment of variability in the fracture properties /Hakami et al. 2008/. 
The following additional factors are also found to be contributing the uncertainties due to precision 
and bias /Hakami et al. 2008/, see also section on representativity:

•	 Sampling strategy:
–	 Due to the small diameter of the drill cores, the fracture samples are biased towards smaller 

well-mated fractures (see corresponding sections on conceptual uncertainty and representativ-
ity). 

–	 The sampling for tilt tests was performed during the drill core logging. In order to ensure that 
different fracture orientations were represented in the sample population, fractures with a 
relative angle to its core axis in the range 0–30°, 30–60° and >60° were selected. 

–	 For the direct shear tests, samples were usually taken from gently dipping fractures or steeply 
dipping fractures with a small angle to the core axis. In the case of steeply dipping fractures, 
2–3 samples could be taken from the same fracture.

–	 No highly water-conductive fractures were among the tested population.

•	 Scale effects: It should be noted that the fracture properties relate to specimens of 50–60 mm 
in size. Large-scale properties are likely to deviate from lab-scale properties. It is likely that 
the shear strength will be reduced in magnitude compared with lab-results. Furthermore, it is 
possible that the properties of large-scale fractures will differ between fracture sets, although only 
insignificant differences were seen in the lab-scale tests, cf. also section on representativity.

•	 Interlaboratory differences: The tilt tests were performed at the Norwegian Geological Institute 
Laboratory (NGI), whereas the direct shear tests were performed at SP. No interlaboratory check 
has been made for samples from Laxemar. However, results from shear tests performed at NGI 
and SP of samples from Forsmark /Lanaro and Fredriksson 2005/ (see also the SR-Site Data 
report, Section 6.4 /SKB 2010/) indicated that the two laboratories might have different accuracy 
or testing procedures. For the Forsmark site, the shear test results obtained at SP were judged to 
best represent the fracture properties as they were more numerous and agreed well with the tilt 
tests /Lanaro and Fredriksson 2005, Glamheden et al. 2007/. 
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In situ stresses
The in situ stress model for Laxemar, i.e. initial pre-mining stress magnitudes and orientations, is 
based on direct and indirect results from the site investigation, as well as results from numerical 
modelling /Hakami et al. 2008/. In addition to the factors that apply for all rock mechanics parameters, 
the following factors are found to be contributing to the uncertainties due to precision and bias 
/Hakami et al. 2008/:

•	 For the direct measurements, only data from 1996 and onwards are used, which means that the 
quality of measurement procedures and documentation are well established.

•	 Overcoring data are usually ranked into categories depending on the quality or success of 
measurements. For the stress modelling, only data ranked Class A (highest confidence) and Class 
B (somewhat less confidence) were considered. Data points without ranking in SKB’s database 
Sicada were assigned to Class B (data ranked Class C are not included in Sicada). 

•	 For data from Äspö HRL, only measurement points located a minimum distance of 10 m from 
the excavations were considered to avoid influences by secondary stress fields from the openings.

•	 There are three boreholes (KLX02, KLX04 and KLX12A) in the Laxemar local model area 
where direct measurements have been made. Overcoring measurements were made in boreholes 
KLX04 and KLX12A, whereas hydraulic measurements were made in boreholes KLX02 and 
KLX12A. Of the three, KLX12A is the only borehole located entirely within the focused area 
and is also the only borehole where both overcoring measurements as well as hydraulic measure-
ments have been made. For borehole KLX12A, there is reasonably good agreement between the 
results from the different methods.

•	 The hydraulic measurements were interpreted with the assumption that the principal in situ stresses 
are horizontal and vertical. Therefore, these methods do not give any information regarding the 
potential plunge in the stress field, cf. section on spatial variability. Estimates of the major horizontal 
in situ stress based on the HF method were not used due to low confidence in that approach.

•	 Observations of borehole breakouts give an estimate of the orientations of the horizontal stresses 
and, if breakouts are scarce, an upper limit of the expected stresses along the borehole, cf. 
Section A4.8. Due to the concentration of stresses around a borehole, the orientations of breakouts 
are expected to be perpendicular to the major horizontal in situ stress, cf. section on representativity. 
The confidence in the correlation between breakout orientation and in situ stress orientation is 
higher for vertical or sub-vertical boreholes. Borehole breakout data have been compiled from six 
boreholes at Laxemar, which are, with one exception (inclination around 54°), inclined between 
75° and 85°. The occurrence of breakouts is limited and mostly observed at large depths and in 
subordinate rock types or in deformation zones. 

•	 The amount of core disking in a borehole gives important indirect information to the stress 
modelling, as it is indicative of high stresses. The total extent of core disking at Laxemar is very 
limited and mostly observed at large depths. 

Evolution of stress additions during glacial cycle
The following factors are found to be contributing to the uncertainties due to precision and bias:

•	 The numerical code: The code used in the modelling work has been extensively tested and verified 
and found to be in good agreement with other independent codes /Lund et al. 2009/. 

•	 The ice model: SKB’s reference ice model /SKB 2006a/ used in the modelling by /Lund et al. 
2009/ is based on a reconstruction of the Weichselian glaciation. It is difficult to assess how 
well it would predict a future glaciation, cf. e.g Figure A4-3. However, there is no reason to 
believe that future ice sheets will be fundamentally different from previous Late Pleistocene 
Fennoscandian ice sheets /Lund et al. 2009/.

•	 The earth model: /Lund et al. 2009/ choose Model T9 (horizontally stratified earth model) as 
their preferred model in terms of fit to GPS data and sea level data and as its lithospheric elastic 
structure is in agreement with the Fennoscandian seismic investigation, cf. section on uncertainties 
due to representativity.
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Stress-transmissivity relations
The uncertainties due to precision and bias are assumed to be large and stem from uncertainties in 
fracture mechanical and hydraulic data as well as uncertainties in the stress-aperture and transmis-
sivity model. In terms of accurately estimating stress-induced transmissivity changes of individual 
fractures, precision is judged to be poor. However, for providing an upper bound estimate as well 
as a best estimate of the average sensitivity to stress changes of differently oriented fractures, it is 
judged that the stress-transmissivity relations provided by the CY-model and the exponential function 
/Liu et al. 2004/ (cf. Section A4.8) are adequate.

Data uncertainty due to representativity
Strength properties of intact rock
/Martin 2005/ suggested a spalling strength of 57 ± 2% of the uniaxial compressive strength (UCS) 
for coarse and medium grained crystalline rocks based on the findings from the Äspö Pillar Stability 
Experiment (APSE) /Andersson 2007/ and the Mine-by experiment /Martin 2005/, cf. Table A4-4. 
The spalling strength estimated for APSE appears to have been relevant for both the initial (non-heated) 
phase and the subsequent heated phase /Martin 2005/. Therefore, the proposed range in spalling 
strength (52–62% of UCS, cf. Table A4-2) appears to be representative for the excavation and 
operational phase and the heated phase of the initial temperate period.

Table A4-4. Estimates of spalling strength from the Äspö Pillar Stability Experiment (APSE) 
/Andersson 2007/ and the Mine-by experiment /Martin 2005/.

Experiment Spalling strength (%) Uncertainty span (%)

APSE
	 Äspö Diorite

59 ±3

Mine-by
	 Lac du Bonnet granite
	 Granodiorite

56
65

–
–

Elastic properties of rock mass
The confidence in the rock mass mechanical properties within the fracture domains is high /Hakami 
et al. 2008/. The results from the empirical and theoretical approaches are in reasonably good agree-
ment and indicate that the fracture domains can be divided into two groups with similar properties 
/Hakami et al. 2008/, cf. Figure A4-2. Note that the elastic properties given for the rock mass relate 
to the rock mass between interpreted deformation zones, i.e. the effects of deformation zones 
(including minor deformation zones) are not included in the estimates /Hakami et al. 2008/.

Mohr-Coulomb strength properties of fractures
The site model Mohr-Coulomb strength properties of fractures are representative for single open 
fractures in all fracture domains with the exception of sealed fractures and highly water-conductive 
fractures /Hakami et al. 2008/:

•	 Results from shear tests of sealed fractures that have been broken are similar to results from tests 
on open fractures.

•	 No mechanical tests were performed on highly water-conductive fractures. However, the cohesion 
and friction angle are estimated to be slightly lower than those given for non-conductive fractures.
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In situ stresses
In the focused area at Laxemar, there are two boreholes with overcoring data – KLX04 and KLX12A 
/Hakami et al. 2008/. The data from KLX04 show a large spread in orientations (Figure A4-7, yellow 
triangles) and were suspected to be influenced by a deformation zone located not far from the 
measurement points in the borehole /SKB 2009b/. Therefore, the data from KLX12A (Figure A4-7, 
blue squares) were given more weight when selecting the most likely orientation value for the stress 
model /SKB 2009b/. However, both direct measurements and indirect observations indicate a general 
orientation of the major principal stress of 135±15° with respect to North (cf. Figure A4-7), which 
makes the confidence in the orientation of the major principal stress high /SKB 2009b/. 

The overall uncertainty in the mean stress magnitudes is rather high /SKB 2009b/ due to the limited 
number of direct stress measurements within the focused volume and the fact that the area (or volume) 
where the stress model should apply is large, i.e. there is a risk that the measurements are not 
representative of the stresses in the domain as a whole. However, the confidence in the upper limit 
stress magnitudes is larger /SKB 2009b/ based on the fact that there are rather a large number of 
deep cored boreholes within the local model area but few observed borehole failures and that the two 
independent approaches (cf. Section A4.8), which have been applied to assess the upper limit of the 
in situ stresses give similar results. 

Evolution of stress additions during glacial cycle
There is no reason to believe that future ice sheets will be fundamentally different from previous 
Late Pleistocene Fennoscandian ice sheets /Lund et al. 2009/. In the reference scenario /SKB 2006a/, 
the maximum thickness at Laxemar is around 2.5 km, cf. Figure A4-3. Based on modelling of the 
Saalian ice sheet the maximum ice sheet thickness at Laxemar (supported by geological observa-
tions) is 2,600 m; even for more extreme sensitivity cases it is unlikely to exceed 3,700 m /SKB 
2006a/. This corresponds to an increase in thickness by about 7–50% compared with the reference 
case and an increase in vertical stress by about 1.5–11 MPa, as the vertical glacially induced stress 
reflects the ice load (e.g. /Lund et al. 2009/). Without explicit modelling work, it is difficult to 
estimate the impact on the magnitude of the horizontal stress components due to an ice sheet with 
larger thickness.

Indirect observations
of micro fallouts

Indirect observations
of borehole breakouts

Figure A4-7. Orientation of the major principal stress obtained from overcoring (OC) measurements and 
the major horizontal stress obtained from inversion of hydraulic testing on pre-existing fractures (HTPF) 
and indirect observations, modified from /SKB 2009b, Figure 11-12/.
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Stress-transmissivity relations
It should be noted that the stress-transmissivity relations become very uncertain as the effective 
normal stress approaches zero, i.e. at which the transmissivity becomes indefinite. Close to the 
repository openings, local transmissivity increases could be significant, e.g. because of shear 
displacements along fractures in very low compression. However, it is judged that for fractures in 
compression of a few MPa, the stress-transmissivity relations are relevant as upper bound estimates 
of the sensitivity to variations in effective normal stress.

It can easily be shown that the sensitivity to variations in normal stress is greatest for a combination 
of low values of both JKN and JEN. The distribution of JKN values (obtained from Figure A4-4) is 
shown in Figure A4-8 (left). The values of the normal stiffness vary between 119 and 918 MPa/mm 
with a seemingly higher proportion of samples with values in the lower part of the range although 
the sample population is quite small (24 samples). However, the results shown in Figure A4-8 (right) 
suggest that the value of JEN increases with decreasing values of JKN. 

As there were no mechanical tests on highly water-conductive fractures at Laxemar /Hakami 
et al. 2008/, the stress-stiffness data presented here may, therefore, not be representative for these 
fractures. /Hakami et al. 2008/ refer to results from a (as of then unpublished) study by D. Mas Ivars 
and K.Norén in which shear-flow tests on samples from a highly water-conductive fracture at the 
APSE site (Äspö HRL) were made. The latter authors found that this fracture was about 10 times 
less stiff than the tested non-conductive fractures in the Laxemar boreholes. However, the highly 
water-conductive fractures only constitute a small fraction of the total open fractures at Laxemar 
/Hakami et al. 2008/.

Figure A4-9 (left) shows examples of stress-transmissivity relations obtained from hydraulic jacking 
tests in borehole KLX02 at Laxemar. However, the injection tests were carried out near high-flow 
zones of the borehole /Rutqvist and Tsang 2008/. Therefore, these stress-transmissivity relations 
may be representative of relatively permeable fractures /Rutqvist and Tsang 2008/. The two stress-
transmissivity relations derived for Laxemar (Lax 1 and 2) in Figure A4-20 (right) are shown along-
side the stress-transmissivity relation used in SR-Can /Hökmark et al. 2006/ in Figure A4-9 (right). 
/Rutqvist and Tsang 2008/ note that the stress-transmissivity relation used in SR-Can gave a similar 
response to variations in effective stress, i.e. in terms of a relative changes from a given stress-level, 
as the fractures at 266 m and 267 m. The “Lax 1” relation is based on lower-bound estimates of the 
CY-model parameters and also gives similar response to variations in effective stress as the fractures 
at 266 m and 267 m. The other relation (“Lax 2”) is based on mean value estimates of the CY-model 
parameters and gives similar response to variations in effective stress as the fractures at 315 m, 
337 m and 338 m. A possible explanation for the sensitivity to variations in normal stress of the two 
fractures at 316 m and 336 m is that mineral filling would tend to clog the fractures at high normal 
stress /Rutqvist and Tsang 2008/. 

A4.7	 Spatial and temporal variability of data
Spatial variability of data
The rock at Laxemar is subdivided into rock domains and fracture domains as shown in Figure A4-10. 
In the focused area/volume, i.e. where a potential repository might be constructed, there are three 
main rock domains RSMA, RSMD and RSMM /SKB 2009b/ as indicated in the left figure. Further
more, six fracture domains are recognised at the site: FSM_C, FSM_EW007, FSM_NE005, FSM_W, 
FSM_N and FSM_S /Wahlgren et al. 2008/ (Figure A4-10, right), of which the first four are located 
in the focused volume /SKB 2009b/.

Strength properties of intact rock
Figure A4-11 (upper left) shows locations of samples for and results of uniaxial compression tests in 
and around the Laxemar Local Area, cf. also Figure A4-10 (left). The right part of the figure shows 
the modelled distribution of the uniaxial compressive strength in each of the three main rock domains 
(RSMA01, RSMM01 and RSMD01). The modelling approach employed here is based on that for 
the thermal properties described in /Back and Sundberg 2007, Sundberg et al. 2008/, for details see 
/Hakami et al. 2008/. The modelled mean value UCS is of a similar magnitude in each of the three 
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Figure A4-9. Left: Example of stress-transmissivity relations estimated from hydraulic jacking tests in 
borehole KLX02 at Laxemar, from /Rutqvist and Tsang 2008, Figure 5.1-3/. Right: Stress-transmissivity 
relation based on the exponential expression suggested by /Liu et al. 2004/ used in SR-Can /Hökmark et al. 
2006/ compared with corresponding relations derived for Laxemar in Figure A4-20 (right).

Figure A4-8. Left: Distribution of JKN values obtained from the stress-stiffness estimates shown in 
Figure A4-6. Right: JEN as functions of JKN for each borehole in Figure A4-6.
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Figure A4-10. Left: 3D view of rock domains in the Local model volume at Laxemar, modified from /SKB 
2009b, Figure 5-61/. Right and lower: View of the fracture domains in the Local model volume, from 
/Wahlgren et al. 2008 (Figure 6-12), SKB 2009b (Figure 11-18)/. Fracture domains FSM_C, FSM_EW007, 
FSM_NE005 and FSM_W are located in the focused volume.

Figure A4-11. Upper left: Locations of samples for and results of uniaxial compression tests in and around 
the Laxemar Local Area (grey box), from /SKB 2009b, Figure 7-1/. Note that fracture domain RSMA01 
is made transparent. Lower left and right column: Distributions of uniaxial compressive strength in rock 
domains RSMA01, RSMM01 and RSMD01, from /Hakami et al. 2008, Figures A8-16 and A8-17/.
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rock domains /Hakami et al. 2008/. However, rock domain RSMD01 has a higher proportion of rock 
with low uniaxial strength. The lower tails of rock domains RSMA01 and RSMM01 is associated with 
Ävrö quartz monzodiorite , whereas the lower tail in rock domain RSMD01 is dominated by fresh and 
altered quartz monzodiorite /Hakami et al. 2008/. Note that the distributions given in Figure A4-11 are 
rather uncertain due to few data; in particular the tails of the distributions are influenced by the trunca-
tion levels /Hakami et al. 2008/.

There appears to be slight reduction in strength with for Ävrö granite, which could be explained by 
damaged samples due to drilling in rock with higher in situ stresses /Hakami et al. 2008/. However, 
there is a clear spatial variation, which makes the depth-trend uncertain /Hakami et al. 2008/.

Elastic properties of the rock mass
Due to availability of data, rock mass properties are evaluated for all fracture domains with the 
exception of fracture domain FSM_S /Hakami et al. 2008/. The variations in parameter values between 
the five fracture domains can be seen in Figure A4-2. Based on the results from the empirical and 
theoretical approaches, it was found that the fracture domains could be combined into two groups each 
with similar properties /Hakami et al. 2008/: One group comprises fracture domains FSM_C, FSM_W 
and FSM_NE005 and the other comprises fracture domains FSM_N and FSM_EW007. The expected 
spatial variation of each parameter within a given rock domain group is given by a truncated normal 
distribution /Hakami et al. 2008/, cf. Figure A4-12. 

Mohr-Coulomb strength properties of fractures
Data from tilt tests and shear tests were each grouped into fracture sets according to the geological DFN 
model of Laxemar /La Pointe et al. 2008/ and plotted versus depth. Data that could not be assigned to 
any fracture sets because sampling took place outside the fracture domains, i.e. in Simpevarp, were 
assigned ‘not assigned’. /Hakami et al. 2008/ found that the data were so scattered that no clear trend 
with depth or between fracture sets could be distinguished.

In situ stresses
The measurement data and large-scale numerical model /Hakami et al. 2008/ indicated that there may 
be variations in stresses depending on location in the region /SKB 2009b/. For example, the stress 
measurements at Ävrö and Simpevarp indicate lower stress magnitudes than at Äspö HRL /SKB 
2009b/. Therefore, differences between the Laxemar fracture domains, Simpevarp, Ävrö and Äspö can 
be expected /SKB 2009b/, although it is uncertain how large the differences are. A possible explanation 

Figure A4-12. Distribution of rock mass Young’s modulus (left) and Poisson’s ratio (right) in given fracture 
domains, data compiled from /Hakami et al. 2008, Table 5-11/. The width of each bar is the given value ±1 
GPa for Young’s modulus and ±0.005 for Poisson’s ratio.
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for the differences is the distance between the measurement sites as well as the major deformation 
zones separating them /SKB 2009b/. Figure A4-13 shows the measured stress magnitudes as functions 
of depth in the Laxemar local model area (boreholes KLX04 and KLX12A) compared with cor-
responding measurements at Simpevarp, Äspö HRL and Oskarshamn. Table A4-5 shows a comparison 
between the best-estimate back-calculated stress magnitudes at the APSE site in Äspö HRL /Andersson 
2007/ and the proposed stress model for Laxemar /Hakami et al. 2008/ at 450 m depth. 

Results from numerical modelling support measurement data that some redistribution of the in situ 
stresses due to the major deformation zones in the area is to be expected /Hakami et al. 2008/. 
However, the variation should not be more than about ± 4 MPa in the focused volume, i.e. that defined 
by fracture domains FSM_C, FSM_W and FSM_NE005 /Hakami et al. 2008/, cf. Figure A4-10 (right). 
On the scale of single overcoring measurements, the stresses may vary by about 12% around the mean 
value due to fracturing /Hakami et al. 2008/.

Figure A4-13. Principal stress magnitudes obtained from the overcoring method in the Oskarshamn area 
as functions of depth, modified from /Hakami et al. 2008, Figure 6-4/.
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Table A4-5. Comparison between the best estimate back-calculated stress magnitudes at the 
APSE site in Äspö HRL /Andersson 2007/ and the proposed stress model for Laxemar /Hakami 
et al. 2008/ at 450 m depth.

Stress model σH (MPa) σh (MPa) σv (MPa)

Äspö (APSE site) 30 10 15
Laxemar 20.6 10.9 12.2
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Figure A4-14. Stereographic plots of principal stress orientations obtained from the overcoring method in 
given boreholes at Laxemar (left), Äspö (middle) and Simpevarp (right), from /Hakami et al. 2008, Figure 6-5/.

Figure A4-15. Left: Height of the ice sheet at 18.4 kyr BP when the ice has its largest lateral extent, modified 
from /Lund et al. 2009, Figure 4-1/. Right: Temporal development of the glacially induced principal stresses at 
500 m and 1.5 km depth at Laxemar, obtained from ice-crust-mantle analyses (model T9) performed by /Lund 
et al. 2009/.

As with the stress magnitudes (Figure A4-13), there is significant scatter in the orientations of the 
principal stresses, cf. Figure A4-13, although most measurements indicate that the major principal 
stress is reasonably horizontal /Hakami et al. 2008/. The numerical modelling indicates that the major 
principal stress (σ1) may vary in orientation by ±9° due to discrete fractures /Hakami et al. 2008/. 
For the measurements in the two boreholes at Laxemar (Figure A4-14, left), there is a clear trend of 
the major principal stress in the NW-SE direction /Hakami et al. 2008/. The back-calculated orientation 
of the major principal stress (trend 310° in the Äspö96 coordinate system and zero plunge) at the APSE 
site in Äspö HRL /Andersson 2007/ is consistent with the measurements at Laxemar. 

Evolution of stress additions during glacial cycle
On a large scale, there are large spatial variations in ice thickness, cf. Figure A4-15 (left). The spatial 
variations also vary with time. However, the ice model has a resolution of 50×50 km /Lund et al. 
2009/. Any lateral spatial variations of the glacially induced stresses at the Laxemar site are unlikely 
to be of any relevance.

Figure A4-15 (right) shows the temporal evolution (note that the time scale is reversed compared 
with previous figures) of the glacially induced stresses evaluated at two different depths: 500 m and 
1.5 km. In this depth-range the variations with depth are insignificant.
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Figure A4-16. Estimated values of JKN (left) and JEN (right) as functions of depth. Stress-stiffness data 
obtained from normal stress/normal deformation plots in /Jacobsson and Flansbjer 2005a, b, 2006a, b/.

Stress-transmissivity relations
Figure A4-16 (left) shows values of JKN as functions of depth in boreholes KLX03A, –06A, –10 
and –12A. The depth is estimated from the average value of the upper and lower (Secup and Seclow) 
sampling depths /Jacobsson and Flansbjer 2005a, b, 2006a, b/. The right part of the figure shows the 
corresponding values of JEN as functions of depth. No clear trend with depth or between boreholes 
can be observed in either of the two parameters. 

Data for the joint roughness coefficient (JRC) obtained from tilt tests /Hakami et al. 2008/ were 
each grouped into fracture sets according to the geological DFN model of Laxemar /La Pointe 
et al. 2008/ and plotted versus depth. Data that could not be assigned to any fracture sets because 
sampling took place outside the fracture domains, i.e. in Simpevarp, were assigned ‘not assigned’. 
/Hakami et al. 2008/ found that the data were so scattered that no clear trend with depth or between 
fracture sets could be distinguished.

Temporal variability of data
Deformation properties of the rock
Within the temperature range 0–150° the temperature dependence of elastic properties is negligible 
/Lau et al. 1991/. 

/Hakami et al. 2008/ evaluated the rock mass deformation modulus and Poisson’s ratio at different 
levels of confining pressure (cf. Figure A4-1) and found that, in the stress-interval 1.5–26 MPa, the 
stress-dependence was small.

Spalling strength
/Damjanac and Fairhurst 2010/ found that the long-term strength of intact rock without any pre-
existing fractures should be equal to or greater than the crack initiation strength (40–60% of the 
compressive strength).
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Mohr-Coulomb strength properties of fractures
The shear strength of a fracture depends on the normal stress. Direct shear tests were performed at 
three levels of normal stress, 0.5, 5 and 20 MPa /Hakami et al. 2008/. The Mohr-Coulomb strength 
properties (peak cohesion and peak friction angle/residual cohesion and residual friction angle) were 
determined by a least squares fit to the measured peak/residual shear stresses at the three levels of 
normal stress /Hakami et al. 2008/. The cohesion and friction angle do not vary with time or load.

In situ stresses
The present-day in situ stresses are taken to be representative of the long-term state of background 
stress in the Laxemar area. The changes in stress due to the still ongoing post-glacial rebound and 
the tectonic strain induced by the Mid-Atlantic ridge push /Muir Wood 1995/ are significantly 
smaller in magnitude than the thermal stresses induced by the deposited nuclear waste and stresses 
generated by the ice load during the subsequent glacial phase. Therefore any temporal variations in 
the in situ stresses are ignored.

Evolution of stress additions during glacial cycle
The temporal variations of the glacially induced stress additions 500 m below the ground surface at 
Laxemar are presented in Figure A4-15 (right). Although quantitatively the stress magnitudes depend 
on the earth model, the temporal variations largely follow those of the ice model (cf. Figure A4-3) 
/Lund et al. 2009/.

Stress-transmissivity relations
The stress-transmissivity relations give estimates of changes in transmissivity due to the loading and 
unloading of fractures that take place during the time-frame of the safety assessment. As there are 
no data to suggest otherwise, the stress-transmissivity relations are taken to be relevant for both the 
initial temperate phase and the glacial phase.

 
A4.8	 Correlations used in data qualification
In situ stresses
An upper limit for the in situ stresses at repository depth (400–700 m) is assessed by use of 
two failure criteria /Hakami et al. 2008/: 1) an empirical criterion (Equation A4-1) employed 
in the Forsmark site investigation /Martin 2007/, and 2) the Mogi-Coulomb failure criterion 
(Equation A4-2) /Al-Ajmi and Zimmerman 2006/. In both criteria, the ratio between major and 
minor horizontal stress, σH/σh, was set to 3.7 based on the stress ratio at 500 m depth in the previous 
site model for Laxemar /SKB 2006b/.

The upper limit of stresses, based on the analyses of borehole stability, was used as a guide for 
selecting the uncertainty span of the stress model /Hakami et al. 2008/. The upper truncation limit of 
the in situ stresses was selected based on the upper limit stresses obtained from the Mogi-Coulomb 
criterion /Hakami et al. 2008/.

Empirical:		  3 H h UCS SRσ σ− ≥ ⋅ 					     A4-1

Mogi-Coulomb: 		
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A4-2

Here, UCS is the uniaxial compressive strength of intact rock, SR is the spalling ratio (set to 0.56 
based on suggestion by /Martin 2007/), υ is Poisson’s ratio, σH, σh and σv are the three principal stress 
components and c and φ are cohesion and friction angle, respectively, obtained from triaxial testings 
at appropriate levels of confinement /Hakami et al. 2008/.
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Stress-transmissivity relations
In the CY model, the relation between fracture stiffness and normal stress (σN) is defined as

JEN
N NK JKN σ= ⋅ 								        A4-3

where JKN and JEN are a model parameters. JKN is defined as the tangent normal stiffness evaluated 
at 1 MPa, whereas JEN is the slope of straight lines fitted to stress-stiffness data in a log-log plot, 
cf. Figure A4-4. 

The mechanical aperture (E) at a normal stress of σ is given by Equation A4-4, where the initial 
aperture is E0 at a normal stress of σ0. The hydraulic aperture (e) is estimated using an empirical rela-
tionship (Equation A4-5) /Barton 1982/ that relates the mechanical aperture (E (μm)) and hydraulic 
aperture (e (μm)) through the Joint Roughness Coefficient (JRC). The initial mechanical aperture, 
E0, is estimated from Equation A4-5 using the reported mean value of JRC0 /Hakami et al. 2008, 
Table 4-2/ and assuming that the corresponding hydraulic aperture is equal to the residual hydraulic 
aperture, er.
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σ σ−= + D = − ∫ 						      A4-4
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2.5
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min , E
e E
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 
=  

 
								        A4-5

To account for a residual aperture, an exponential expression suggested by /Liu et al. 2004/ is fitted 
to the hydraulic apertures calculated from Equations A4-4 and A4-5. The exponential expression is 
given by Equation A4-6:

max exp( )r Ne e e α σ= + − ⋅
							     

A4-6

Here, er is the residual aperture and σN the effective normal stress, whereas emax and α are model 
parameters. The relative transmissivity, T/T0, is subsequently calculated from Equation A4-6 assuming 
the cubic law to hold:

( )3
0 0/ /T T e e=

									      
A4-7

Here, e0 is the hydraulic aperture at the reference effective normal stress σ0.

A4.9	 Result of supplier’s data qualification
Strength properties of intact rock
The strength properties of intact rock for the main and subordinate rock types at Laxemar /Hakami 
et al. 2008/ are presented in Table A4-6. For oxidised rock (applies to Quartz monzodiorite and Ävrö 
quartz monzodiorite), the mean uniaxial compressive strength should be reduced by 7% and the mean 
crack initiation stress should be reduced by 8% /Hakami et al. 2008/. The variation of the UCS for 
each rock type is given as a truncated normal distribution with mean value, min–max truncation 
values and standard deviation based on results from the tested samples /SKB 2009b/.The uncertainty 
of the mean value is quantified for a 95% confidence interval /Hakami et al. 2008/.

The uniaxial strength of intact rock in each rock domain is presented in A4-7. For the distribution of 
values in each rock domain, see Figure A4-11. 

Spalling is assumed to occur when the tangential stresses around an opening exceed a certain 
fraction of the uniaxial compressive strength (UCS). /Martin 2005/ suggested a spalling strength 
of 57 ± 2% of the UCS for coarse and medium grained crystalline rocks. Based on the estimates 
by /Martin 2005/ and values of the crack initiation stress presented in Figure A4-6 the spalling 
strength is assumed to be 57±5% of the UCS. Spalling strengths of intact rock in the three main rock 
domains RSMA01, RSMM01 and RSMD01 as well as for the main and subordinate rock types 
(cf. Table A4-6 and Table A4-7) are presented in Table A4-8.
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Table A4-7. Strength properties of intact rock in each rock domain /Hakami et al. 2008, Table 3-13/, 
cf. Figure A4-11.

Rock domain Uniaxial compressive strength, UCS (MPa)
Mean Stdev

RSMA01 193 29
RSMM01 187 31
RSMD01 187 34

Table A4-8. Estimated spalling strength (57±5% of mean UCS) of intact rock in rock domains 
RSMA01, RSMM01 and RSMD01 and of the main and subordinate rock types, cf. Table A4-6 
and Table A4-7.

Rock domain Spalling strength (MPa)

RSMA01 110±10
RSMM01 107±9
RSMD01 107±9
Rock type (rock type code) Spalling strength (MPa)
Fine-grained dioritoid (501030) 136±12
Diorite/ gabbro (501033) 128±11
Quartz monzodiorite, Unaltered (501036) 106±9
Ävrö quartz monzodiorite, Unaltered (501046) 95±8
Ävrö granodiorite (501056) 113±10
Fine-grained granite (511058) 160±14

Table A4-6.  Strength properties of main and subordinate rock types /Hakami et al. 2008, Table 3-9/.

Parameter 501030  
Fine-grained 
dioritoid

501033  
Diorite/  
gabbro

501036  
Quartz 
monzodiorite, 
Unaltered

501046 
Ävrö quartz 
monzodiorite, 
Unaltered

501056  
Ävrö  
granodiorite

511058  
Fine-grained 
granite

Mean/stdev  
Min–Max 
Uncertainty  
of mean

Mean/stdev  
Min–Max 
Uncertainty  
of mean

Mean/stdev  
Min–Max 
Uncertainty  
of mean

Mean/stdev  
Min–Max 
Uncertainty  
of mean

Mean/stdev  
Min–Max 
Uncertainty  
of mean

Mean/stdev  
Min–Max  
Uncertainty  
of mean

Uniaxial com-
pressive strength, 
UCS (MPa)

239/72  
100-360  
±16%

225/20  
200-270  
±5%

186/30  
110-240  
±5%

167/11  
140-190  
±3%

198/19  
150-240  
±3%

280/45  
210-350  
±11%

Elastic properties of the rock mass
The elastic properties of the rock mass in the different fracture domains /Hakami et al. 2008/ are 
presented in Table A4-9. Based on the results from the empirical and theoretical approaches, it was 
found that the fracture domains could be combined into two groups each with similar properties 
/Hakami et al. 2008/, cf. Figure A4-2. The expected spatial variation of each parameter within given 
rock domain groups is given by a truncated normal distribution (Figure A4-12) with mean, min–max 
truncation values and standard deviations as given in Table A4-9. The uncertainty of the mean values 
is based on differences between the empirical and theoretical approaches and a general confidence of 
the approaches for each parameter /Hakami et al. 2008/. Note that these values do not include effects 
due to minor deformation zones (MDZ’s) /Hakami et al. 2008/.

Mohr-Coulomb strength properties of fracture
The Mohr-Coulomb strength properties of fractures reported in /Hakami et al. 2008/ are based 
on laboratory results from tilt tests and direct shear tests of discrete fractures and are expected to 
represent the majority of single open fractures, cf. Table A4-10. The uncertainties are expressed 
statistically as a range of variation in the evaluated mean values and quantified for a 95% confidence 
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interval according to the “Central Limit Theorem” with min–max values based on observed minimum/
maximum values of the tested samples /Hakami et al. 2008/. Note that the fracture properties pre-
sented in Table A4-10 do not represent sealed fractures and are also not expected to be representative 
for highly water-conductive fractures, cf. Section A4.6. 

In situ stresses
The stress model for the Laxemar Local Model Area /Hakami et al. 2008/ for fracture domains FSM_C, 
FSM_W, FSM_NE005 and FSM_EW007 below ZSMEW007 in the depth-range 400–700 m is 
presented in Table A4-12, cf. Figure A4-17. The in situ stress model is given by the stress components 
σH (major horizontal stress), σh (minor horizontal stress) and σv (vertical stress). It is assumed that 
these can be approximated to be principal stresses, i.e. σH = σ1, σh = σ3 and σv = σ2, although that may 
not be strictly the case, cf. Figure A4-14. The vertical stress is assumed to be equal to the weight 
of the overburden and is calculated using a generic value of the rock mass density, cf. Table A4-11. 
The uncertainty span (uncertainty of mean) is based on variations in measurement data and analyses 
of borehole stability /Hakami et al. 2008, SKB 2009b/. Small scale spread, at the scale of a single 
overcoring measurement, in stress magnitudes and orientations due to fracturing are given by normal 
distributions with mean values and standard deviations as presented in Table A4-12.

An extreme upper limit of the maximum stress based on observations of stable drill holes /Hakami 
et al. 2008, Table 6-11 and p 148/ is 31–34 MPa at 400 m depth and about 35–40 MPa at 700 m 
depth with the lower value in rock domain RSMM01 and the higher value in rock domain RSMD01, 
respectively. 

Table A4-10. Mohr-Coulomb strength properties of single open fractures in all fracture domains 
at Laxemar, from /Hakami et al. 2008, Table 4-14/.

Peak friction angle 
φp (o) 
Mean/std. dev.  
Min–max 
Uncertainty of mean

Peak cohesion 
cp (MPa) 
Mean/std. dev.  
Min–max 
Uncertainty of mean

Residual friction angle 
φr (o) 
Mean/std. dev.  
Min–max 
Uncertainty of mean

Residual cohesion 
cr (MPa) 
Mean/std. dev.  
Min–max 
Uncertainty of mean

36.6/3.2
28.5–45.4
± 2%

0.9/0.4
0.3–2.5
± 11%

34.7/3.5
25.7–44.7
± 2%

0.4/0.2
0.0–1.0
± 14%

Table A4-11. Generic rock mass density used to estimate the vertical stress gradient. This value 
is consistent with the densities given by /Wahlgren et al. 2008/ for the most common rock types 
in rock domains RSMA01, RSMM01 and RSMD01.

Parameter Unit Value

Density (ρ) kg/m3 2,700

Table A4-9. Rock mass properties in fracture domains FSM_C, FSM_W, FSM_NE005, FSM_N and 
FSM_EW007 /Hakami et al. 2008, Table 5-11/.

Parameters Unit FSM_C, FSM_W and 
FSM_NE005

FSM_N and  
FSM_EW007

Mean/std. dev 
Min–max 
Uncertainty of mean 

Mean/std. dev 
Min–max 
Uncertainty of mean 

Young's modulus (E) GPa 59/12
35–83
±3%

50/14
22–78
±3%

Poisson's ratio (ν) – 0.3/0.04
0.22–0.34
±10%

0.3/0.03
0.24–0.36
±10%
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Figure A4-17. Left: Fracture domains (FSMx) and surface traces of some of the major deterministic defor-
mation zones (ZSMx) in the Laxemar Local Model Area, from /Hakami et al. 2008, Figure 2-10/. Right: 
Site model in situ stresses and orientations with uncertainty spans (dashed lines) /Hakami et al. 2008, SKB 
2009b/ for fracture domains FSM_C, FSM_W, FSM_NE005 and FSM_EW007 below the deformation zone 
ZSMEW007, cf. left figure.

Table A4-12. Stress model in the depth range 400–700 m for fracture domains FSM_C, FSM_W, 
FSM_NE005 and FSM_EW007 below the deformation zone ZSMEW007 at Laxemar /Hakami et al. 
2008, Table 6-11, SKB 2009b, Table 7-7/.

Parameter Mean/stdev Uncertainty of mean

Major horizontal stress, σH (MPa) 3 + 0.039z/12% ± 20%
Minor horizontal stress, σh (MPa) 1 + 0.022z/13% ± 20%
Vertical stress, σv (MPa) 0.027z/15% ± 3%
Orientation of σH with respect to North (°) 135/±15° ± 15°

Evolution of stress additions during glacial cycle
/Lund et al. 2009/ choose a horizontally stratified earth model (Model T9) as their preferred model 
in terms of fit to GPS data, sea-level data and as the lithospheric elastic structure is in agreement 
with Fennoscandian seismic investigations. One principal stress component can be shown to be near 
vertical at all times. Therefore, the glacially induced stress components (σH, σh and σv) presented at 
repository depth (500 m) in Figure A4-18 are principal stresses. Furthermore, the variations with 
depth in the upper 1.5 km of the rock are negligible, cf. Figure A4-15 (right), i.e. the stress additions 
can be approximated to be constant with depth in the upper 1.5 km of the rock.

Stress-transmissivity relations
In addition to a stress-transmissivity model based on mean values of fracture normal stiffness data, it is 
recommended that a model with low values of JKN and JEN should also be considered. Mean values 
(and range in parameter values) for the CY model are presented in Table A4-13. By inspection of 
Figure A4-8 (right), the parameter combination JKN = 150 MPa/mm and JEN = 0.6 is judged to be suf-
ficiently low. There are only small variations in the mean value of JRC between fractures sets (5.6–7.4 
/Hakami et al. 2008/). It is therefore recommended that the mean value of JRC (approximately 6, cf. 
Table A4-13) be used in the models. Note that, similarly as for the Mohr-Coulomb strength properties, 
the values given in the table may not be representative of highly water-conductive fractures.

The residual hydraulic aperture is taken to be the average hydraulic aperture at large depth. It is here set 
to 20 μm based on reported fracture transmissivities below 650 m depth in fracture domains/hydraulic 
rock domains FSM_EW007/HRD_EW007, FSM_NE005, FSM_N/HRD/_N, FSM_W/HRD_W and 
HRD_C /Rhén et al. 2008/, cf. Figure A4-19.
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Table A4-13. Model parameters for the CY model (JKN and JEN) are derived from cyclic loading 
compression tests by /Jacobsson and Flansbjer 2005a, b, 2006a, b/, cf. Figure A4-4. The values 
of the joint roughness coefficient (JRC) are based on tilt tests on samples from Laxemar and 
Simpevarp /Hakami et al. 2008, Tables 4-2 and 4-3/.

Parameter Mean Min Max

JKN (MPa/mm) 367 119 918
JEN (-) 0.86 0.36 1.46
JRC100 (-) 6.1 1.8 9.5

Figure A4-18. Stress additions and orientation of the major horizontal stress at 500 m depth during the 
Weichselian glacial cycle obtained from of ice-crust-mantle analyses (Model T9) by /Lund et al. 2009/. 
Here, 0° represents North and 180° South.

Figure A4-19. Summary of fracture transmissivities at different depth intervals in fracture domains/hydraulic rock 
domains FSM_EW007/HRD_EW007, FSM_NE005, FSM_N/HRD_N, FSM_W/HRD_W and HRD_C /Rhén et al. 
2008, Table 9-12/ (marked with ‘x’). The average transmissivity is here given by the average value of the reported 
transmissivities for the hydraulic rock domains/fracture domains at each depth interval. The corresponding 
average hydraulic apertures are calculated from the average transmissivity values through the cubic flow law. 
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Lax 1: JKN = 150 MPa/mm, JEN = 0.6, E0 = 42 μm, JRC = 6
Lax 2: JKN = 367 MPa/mm, JEN = 0.86, E0 = 42 μm, JRC = 6
Lax 1: Exponential fit (eres = 20, emax = 48, alpha = 0.23)
Lax 2: Exponential fit (eres = 20, emax = 10, alpha = 0.2)
Fors A (eres = 20, emax = 42, alpha = 0.15)
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Figure A4-20. Left: JKN and JEN values for Laxemar (see Figure A4-10, right) compared with Forsmark 
data compiled from Section 6.4 in the SR-Site Data report /SKB 2010/. The stress-aperture relations are based 
on the following parameter combinations: JKN = 150 MPa/mm, JEN = 0.6 (Laxemar 1), JKN = 367 MPa/
mm, JEN = 0.86 (Laxemar 2), JKN = 150 MPa/mm, JEN = 0.78 (Forsmark model A), JKN = 436 MPa/mm, 
JEN = 0.78 (Forsmark model B). Right: Hydraulic apertures calculated using the CY model (Equations A4-3 
and A4-4) with exponential fits to the apertures (EquationA4-5) compared with corresponding exponential 
relations suggested for Forsmark in Section 6.4 of the SR-Site Data report /SKB 2010/.

Table A4-14. Recommended parameter values for the CY model (Equations A4-3 and A4-4) based 
on 1) average fracture stiffness data (Table A4-13) and 2) based on lower bound fracture stiffness 
data (alternative data set described in the text) with corresponding parameter values for the 
exponential expression (Equation A4-5).

Model Parameter Average Alternative

CY-model JKN (MPa/mm) 367 150
JEN (-) 0.86 0.6
JRC (-) 6.0 6.0
E0 (μm) 42 42

Exponential expression er (μm) 20 20
emax (μm) 10 48
α (-) 0.2 0.23

Figure A4-20 shows the hydraulic aperture obtained by the CY model (Equations A4-3 and A4-4) 
using the two sets of fracture stiffness data described in the text above evaluated for the initial normal 
stress σ0 set to the mean effective stress at repository depth (500 m), σ0 = (σH + σh + σv)/3 – p, where 
σH, σh and σv are the three principal stress components and p is the hydrostatic pore pressure. The 
initial effective normal stress is here approximated to be 12 MPa based on the stress model by /Hakami 
et al. 2008/, cf. Table A4-12. For both sets of fracture stiffness data, an exponential fit to the hydraulic 
apertures (Equation A4-5) has been made and compared with corresponding relations suggested for 
Forsmark in Section 6.4 of the SR-Site Data report /SKB 2010/. Parameter values for the two sets 
of data for the CY model and corresponding values for the exponential expression are presented in 
Table A4-14.
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A4.10	 Data recommended for use in the Comparative analysis of safety related 
site characteristics

All data provided in Section A4.9 are recommended for use in the analysis of safety related site char-
acteristics. Reference parameter values for all models are given by the mean value of each parameter. 
To assess the influence of uncertainties, a small number of parameter values judged to represent the 
variability are selected and used in the modelling work. Note that the thermal and thermo-mechanical 
properties of the rock (i.e. thermal conductivity, heat capacity and heat expansion coefficient) are 
described in Chapter A2.

Thermal, mechanical and thermo-mechanical properties of the rock mass
The mechanical properties of the rock mass for the large-scale models are provided in Table A4-15. 
The corresponding mechanical properties of the rock mass for the near-field models are provided in 
Table A4-16. 

Table A4-15. Thermal, mechanical and thermo-mechanical properties of the rock mass for large-
scale THM-modelling, cf. Table A4-9.

Parameters Value Comment

Density, ρ (kg/m3) 2,700 Generic value, cf. Table A4-11
Young's modulus, E (GPa) 55 Average value of mean E in each fracture domain group, cf. Table A4-9 
Poisson's ratio, ν (-) 0.3 Mean value in both fracture domain groups, cf. Table A4-9

Table A4-16. Mechanical properties of the rock mass in each fracture domain group for near-field 
THM-modelling, cf. Table A4-9.

Parameters FSM_N and _EW007 FSM_C, _W and _NE005

Density, ρ (kg/m3) 2,700 2,700
Young's modulus, E (GPa) 50 59
Poisson's ratio, ν (-) 0.3 0.3

Table A4-17. Strength properties of intact rock in each rock domain, cf. Table A4-7 and Table A4-8.

Parameters Unit RSMA RSMM RSMD

Uniaxial compressive strength (UCS) MPa 193 187 187
Spalling strength MPa 100–120 97–116 97–116

Table A4-18. In situ stresses as functions of depth for large-scale modelling, cf. Table A4-12. The 
orientation of the major horizontal in situ stress is given with respect to North.

Depth range (m) σH (MPa) σH orientation (°) σh (MPa) σv (MPa)

0–1,000 3 + 0.039z 135 1 + 0.022z 0.027z 

Spalling strength
The spalling strength is assumed to be 52–62% of the uniaxial compressive strength in each rock 
domain, cf. Table A4-17. 

In situ stresses
In situ stresses as function of depth for the large-scale modelling are provided in Table A4-18.
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In situ stresses at repository depth (500 m) for the small-scale near-field modelling are provided in 
Table A4-19. Uncertainty spans for each stress model are given in brackets.

Table A4-21. Glacially induced stresses (orientation is given with respect to North) at selected 
points in time during the glacial cycle, cf. Figure A4-18.

Time σH (MPa) σH orientation (°) σh (MPa) σv (MPa)

First glacial maximum (12 kyr) 7.39 22 4.01 10.23
Edge passing(14 kyr) 1.94 28 –2.26 0.06
Stress reductions due to forebulge (42 kyr) 0.42 26 –4.85 0.47
Second glacial maximum, σv max (51 kyr) 18.31 29 17.49 21.97
Second glacial maximum, σH max (54.5 kyr) 19.84 131 19.49 19.94
Edge passing (55.5 kyr) 9.25 53 8.48 0.08

Table A4-19.  Most likely in situ stress magnitudes and orientation of σH (with respect to North) 
at repository depth (500 m) used in near-field modelling work. As an upper limit the magnitude of 
the major horizontal stress is given by that at Äspö /Andersson 2007/, cf. Table A.4-5. Uncertainty 
spans for each stress model are given in brackets based on the uncertainty spans given in the 
right column of Table A.4-12.

Stress model σH (MPa) σH orientation (°) σh (MPa) σv (MPa)

Most likely 22.5 135 (150) 12 13.5
Most likely (with Äspö σH) 30 (36) 135 (150) 12 (14.4) 13.5 (13.9)

Mohr-Coulomb strength properties of fractures
The Mohr-Coulomb strength properties (cohesion and friction angle) used in the modelling work are 
presented in Table A4-20. 

Table A4-20.  Mohr-Coulomb fracture strength properties obtained by taking the average value of 
their mean laboratory-determined peak and residual values, cf. Table A.4-10.

Property Unit Value

Cohesion MPa 0.6
Friction angle ° 35.7

Glacially induced stresses and pore pressure
The glacially induced stresses (in excess of the present-day in situ stresses) at six selected points 
in time during the glacial cycle are presented in Table A4-21. The stress magnitudes and orienta-
tions given in the table do not vary with depth. The glacially induced pore pressure (in excess of 
hydrostatic pressure) is assumed to be 90% of the ice sheet thickness (or about 98% of the glacially 
induced vertical stress σv).

Stress-transmissivity relations
The two stress-transmissivity models (Models A and B) derived for Forsmark (cf. Section 6.4 of the 
SR-Site Data report /SKB 2010/) are chosen to estimate stress induced transmissivity changes based 
on the exponential relation suggested by /Liu et al. 2004/ (Equation A4-5) and the cubic flow law 
(Equation A4-6), cf. Figure A4-20 (right). The parameter values for each stress-transmissivity model 
are given in Table A4-22. 
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A5	 Spalling and the excavation damaged zone 
Repository induced damages to the rock mass affect the groundwater flow and, as a consequence, the 
solute transport in the fractured rock. Assessments of these rock damages, in terms of spalling and 
the excavation damaged zone (EDZ), are therefore needed as input for the assessment of radiological 
risk, associated with radionuclide transport from the repository. The input data considered in the 
Comparative analysis are the resulting properties from these damages and alterations. These properties, 
in turn, are assessed from various sources and assessments, including detailed process modelling, as 
further described in this appendix.

The data presented in this appendix are used as input to Chapters A6 and A7, and associated activities, 
discussing hydraulic properties of the rock and flow related migration parameters. 

In the SR-Site Data report /SKB 2010b, Section 6.5/ the corresponding data are given for the Forsmark 
site. In some instances concerning spalling and EDZ, issues that are not site specific are detailed in 
the SR-Site Data report, to which references are made. 

A5.1	 Modelling as input to the comparative analysis of safety related site 
characteristics

The excavation damaged zone is here defined as “the part of the rock mass closest to the under-
ground opening that has suffered irreversible deformation where shearing of existing fractures as 
well as propagation and/or development of new fractures has occurred” /Bäckblom et al. 2004/. 
In the comparative analysis, the concern is on the remaining impact from the tunnelling, i.e. after 
re-saturation, on the hydraulic properties. The EDZ basically originates from:

•	 excavation damage (i.e. from the blasting or from a Tunnel Boring Machine, TBM, if this is used);

•	 the changes of the stress field and associated fracturing (spalling) and fracture dilation effects 
resulting from the changed stress boundary conditions compared to the undisturbed situation.

It should be noted that other definitions of the EDZ exist, but the one adopted here pragmatically 
focuses on the resulting impact on the rock – and not on the various causes for these impacts.

Defining the data requested from the supplier
Depending on the nature of the excavation damaged zone, the data which need to be supplied differ. 
If the EDZ is generally not connected on the tunnel scale:

•	 The absence of a connected EDZ should be justified based on experimental observations and data. 

If the EDZ is connected on the tunnel scale, giving rise to altered hydraulic properties compared to 
the properties of the rock prior to construction, the following should be supplied:

•	 The axial transmissivity T (m2/s) of the EDZ along the deposition tunnel, as averaged across the 
tunnel floor.

•	 The axial transmissivity T (m2/s) of the EDZ along other tunnels and shafts, as averaged across 
the tunnel floor (and corresponding for shafts).

Concerning any volume around the deposition holes with altered hydraulic properties compared to 
the properties of the rock prior to construction (referred to as the spalled zone), the following should 
be supplied:

•	 The potential for spalling, with focus on the potential for thermally induced spalling. 

If spalling occurs:

•	 The length Lzone (m) and location of the spalled zone along the deposition hole.
•	 The width Wzone (m), and thickness dzone (m) of the spalled zone around the deposition hole.
•	 The tortuosity τy (–) and porosity εzone (–) of the spalled zone.
•	 The hydraulic conductivity K (m/s) of the spalled zones. If this conductivity cannot be shown 

to be small in relation to the transmissivity of the fracture intersecting the deposition hole, or 
if there is no fracture intersecting the deposition hole, it is sufficient to note that the hydraulic 
conductivity of the spalled zone is “high”.
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If no spalling occurs:
•	 The connected effective transmissivity T (m2/s) of the deposition hole EDZ, integrated along 

the full length of the deposition hole wall, and as averaged around the hole. If no such fully 
connected zone would develop, arguments are needed to state this.

Modelling activities in which data will be used 
The data will be incorporated in the groundwater flow models as well as in the migration models 
used in the Comparative analysis. These models are further described in Chapter A6 regarding 
hydraulic properties of the rock, and in Chapter A7 regarding flow related migration parameters. 
The potentials for an EDZ and for spalling are implemented in the following manner:
•	 The groundwater flow simulations, using ConnectFlow /Serco 2005/, implement the EDZ as a 

continuous fracture, with a prescribed transmissivity as input, under the floor of all deposition 
tunnels.

•	 The source term model, COMP23 /Cliffe and Kelly 2006/ considers the possibility of an EDZ 
with enhanced transmissivity intersecting the upper part of the deposition hole and uses an 
equivalent flow rate Q2, see Section 6.7, to handle the release from the buffer into the EDZ. 

•	 The far-field radionuclide transport model FARF31 /Norman and Kjellbert 1990, Elert et al. 
2004/ pessimistically neglects retention in the EDZ.

A5.2	 Supplier input on handling of data in the comparative analysis
The potential for spalling, based on the findings by /Hökmark et al. 2010/, is assessed in Chapter 4 of 
this present report. In addition to being an issue by itself, the occurrence of spalling has implications 
for the radionuclide migration, but only in case the buffer is intact. A main issue for this appendix is 
thus to assess whether such conditions would occur. Also the other data listed above are needed as 
input for the migration calculations, being part of the assessment presented in Chapter 10, although 
not directly discussed in the main document of the Comparative analysis.

A5.3	 Sources of information and documentation of data qualification
Sources of information
The main sources of information used in the data qualification of data on the EDZ and spalling are 
presented in Table A5-1.

Table A5-1. Main sources of information used in data qualification for EDZ and spalling.
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Categorising data sets as qualified or supporting data 
The qualified and supporting data sets are presented in Table A5-2. Comments regarding each item 
are given in Table A5-3. The following principles have been applied in this assessment:

•	 For obvious reasons there are no data from actually constructed tunnels at depth at either of 
the Forsmark or Laxemar sites. However, it is judged that the phenomena of forming EDZ and 
spalling depends on general rock mechanics processes, which means that data obtained from 
other sites, such as Äspö HRL, are applicable.

•	 Data obtained from SKB reports being reviewed and approved in accordance with the SKB QA 
Plan, can a priori be regarded as qualified data. However, since the report by /Bäckblom 2008/ 
is a compilation of data from various sources of varying quality, data regarding EDZ in tunnels 
presented by Bäckblom may partly be considered to be supporting. 

•	 The assessment on the EDZ in the Underground opening construction report /SKB 2010a/, is 
based on the findings by (e.g. /Ericsson et al. 2009, Glamheden et al. 2010/). The conclusions 
reached have been reviewed and accepted by SKB’s internal and external experts, and it is thus 
qualified from that respect. 

•	 The conclusions drawn in the Underground opening construction report concerning spalling and 
the EDZ are judged to be as representative for the Laxemar site as for the Forsmark site. 

Table A5-2. Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. Occurrence, location, and extent of any volume around 
the deposition tunnels, and other tunnels, with altered 
hydraulic properties compared to the properties of the 
rock prior to construction: /Olsson et al. 2009, Fig 7-9, 
7-10/, /Olsson et al. 2004/, /SKB 2010a, Chapter 6/. 
2. Connected effective transmissivity (m2/s) along the 
deposition tunnel, or other tunnels, and averaged across 
the tunnel floor: /Olsson et al. 2009, Fig 7-9, 7-10/, /Erics-
son et al. 2009, Chapter 4/, /SKB 2010a, Section 5.2.2/.
3. Occurrence, location, and extent of any volume around 
the deposition holes, with altered hydraulic properties 
compared to the properties of the rock prior to construc-
tion: Appendix I in /Hökmark et al. 2010, Glamheden et al. 
2010, Andersson 2007/.
4. The connected effective transmissivity integrated along 
the full length of the deposition hole wall and as averaged 
around the hole (m2/s): /Bäckblom 2008, Table 3-3, SKB 
2010a, Section 5.2.3/.
5. Local hydraulic conductivity, tortuosity, porosity and 
thickness of the spalled zones, if a spalled zone occurs: 
/Neretnieks and Andersson 2009, Glamheden et al. 2010/.

6. Published data on characterisation of the EDZ in drilled 
and blasted tunnels /Bäckblom, 2008, Table 3-3/.
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Excluded data previously considered as important
No important data have been excluded from the analyses.

A5.4	 Conditions for which data are supplied
The field data on the excavation induced fracturing /Olsson et al. 2009, Ericsson et al. 2009, 
Bäckblom 2008/, concern conditions resulting after rock excavation. The field data on thermally 
induced spalling /Neretnieks and Andersson 2009, Glamheden et al. 2010/ concern conditions after 
heating, with and without a small counter pressure on the rock wall.

The numerical results by /Hökmark et al. 2010/ relate to the situation after excavation and the impact 
of the thermal load.

A5.5	 Conceptual uncertainty
There is no conceptual uncertainty regarding the assessment of spalling that is specific for 
the Laxemar site. Therefore, the reader is referred to the conceptual uncertainties described in 
Section 6.5.5 of the SR-Site Data report /SKB 2010b/.

/Hökmark et al. 2010/ does not assess transmissivity changes of fractures in the near-field for the 
Laxemar site. However, in the near-field, the geometry of individual fractures and how they intersect 
repository openings and interact with other fractures are much more important than details in the back-
ground stress field. Therefore, the estimates given in SR-Can /Hökmark et al. 2006/ are relevant also 
for the Laxemar site. For a general discussion on uncertainties regarding estimates of transmissivity 
changes in the near-field, the reader is referred to Section 6.5 of the SR-Site Data report /SKB 2010b/.

Table A5-3. Justifications to the sorting of items in Table A5-2.

1./Olsson et al. 2009/ characterised natural and excavation induced fractures in rock blocks removed from a section of 
a tunnel wall at the Äspö HRL. /Olsson et al. 2004/ concern assessment of excavation induced fractures at the TASQ-
tunnel at Äspö HRL. Generally, the Underground opening construction report /SKB 2010a, chapter 6/ concludes that 
it is possible to control the excavation of a drilled end blasted tunnel such that excavation induced fractures would not 
form a continuous network. These reports, apart from /Olsson et al. 2004/, are reviewed and accepted according to the 
SKB QA-plan. Furthermore, it is judged that the work of /Olsson et al. 2004/ was carried with a similar quality as their 
later report. Thus data presented in these reports are judged to be qualified.
2. The excavation induced fractures in the rock side-walls characterised by /Olsson et al. 2009/ are dominantly radial 
and does not form a continuous network along the axial direction of the tunnel over any significant distance. /Ericsson 
et al. 2009/ performed laboratory permeability tests of the fractures in the rock blocks characterised by /Olsson et 
al. 2009/. By numerical analyses and analytical expressions, /Hökmark et al. 2010/ assess the change in fracture 
transmissivity due to the impact of changing mechanical loads. Generally, the /SKB 2010a, section 5.2.2/ concludes 
that it is possible to control the excavation of a drilled end blasted tunnel such that the excavation induced fractures 
would not form a continuous network. These reports are reviewed and accepted according to the SR-Site QA-plan and 
the presented data are thus judged to be qualified.
3. /Hökmark et al. 2010/ performed numerical analyses of the potential for, and the geometrical extension of, thermally 
induced spalling in deposition holes. /Andersson 2007/ presents the Äspö Pillar Stability Experiment (APSE) carried 
out to examine the failure process in a heterogeneous and slightly fractured rock mass when subjected to coupled 
excavation-induced and thermal-induced stresses. /Glamheden et al. 2010/ present a field experiment at Äspö HRL, 
where 0.5 m diameter boreholes are exposed to a thermal load, with and without a confining pressure. These reports, 
apart from /Andersson 2007/, are reviewed and accepted according to the SR-Site QA-plan. However, the work of /
Andersson 2007/ was part of a doctoral dissertation and has been subject to an extensive scientific review. Thus data 
presented in these reports are judged to be qualified.
4. /Bäckblom 2008, Table 3-3/ compiles published data on characterisation of the EDZ in mechanically excavated 
tunnels and boreholes. These data are judged to be of more controllable quality and are thus judged to be qualified.
5. /Neretnieks and Andersson 2009/ assessed the tortuosity (-) of the spalled rock fragments obtained from spalling 
tests at the Äspö Pillar Stability Experiment (APSE) /Andersson 2007/. /Glamheden et al. 2010/ performed hydraulic 
tests of the thermally spalled zones in one of their tests. These reports are reviewed and accepted according to the 
SR-Site QA-plan and the presented data are thus judged to be qualified.
6. /Bäckblom 2008, Table 3-3/ compiles published data on characterisation of the EDZ in drilled and blasted tunnels. 
The data are of various origin and quality, and it is not evident that there is a clear separation between natural and 
induced fractures and are thus judged to be supporting. 
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A5.6	 Data uncertainty due to precision, bias, and representativity
Data uncertainty due to precision
The extent of the EDZ around the tunnels excavated using careful drill-and-blast techniques at Äspö 
HRL was found to vary from a few cm to a few tens of cm /Ericsson et al. 2009/. /Ericsson et al. 2009/ 
observed a distribution of discontinuous fractures and microcracks and a slightly increased matrix 
porosity within this zone. Given the heterogeneous nature of this zone it is difficult to know if the 
transmissivity values reported by /Ericsson et al. 2009/ for the fractures in individual cored samples 
taken from this zone are representative, or represent an upper bound value. In addition the transmissivity 
values of the very small discontinuous fractures were not measured. The precision of the reported 
transmissivity values of the individual fractures is judged to be adequate but may overestimate the 
transmissivity of the EDZ and hence may not be representative.

/Hökmark et al. 2010/ consider a number of cases regarding magnitudes and orientations of the in situ 
stresses and variations in the thermal properties of the rock (cf. Chapter A4). Results from all models 
indicate that spalling during the excavation and operational phase would not take place other than by 
exception. Unlike the Forsmark site, where the majority of the deposition holes will have thermally 
induced spalling at some point during the heated phase, the number of deposition holes with thermally 
induced spalling at the Laxemar site is more uncertain. This is related to: 

•	 Uncertainties regarding in the in situ state of stress (cf. Table A4-19 in Chapter A4).

•	 Spatial variations in the rock mass Young’s modulus (cf. Table A4-16 in Chapter A4).

•	 Distribution of rock mass thermal conductivity values (cf. Chapter A2).

Although assuming that there will be thermally induced spalling in all deposition holes would 
be a safe upper bound estimate, this approach may significantly exaggerate the actual number of 
deposition holes with spalling. Therefore, an attempt to quantify the number of deposition holes 
with thermally induced spalling, taking uncertainties and spatial variations into account, is made 
(cf. Section A5.10).

Data uncertainty due to bias
There is no known bias in the data characterisation by /Olsson et al. 2009/. The methodology developed 
for the fracture characterization was specifically designed to eliminate the bias created by two-dimen-
sional fracture mapping typically carried out in tunnels. Extracting large blocks and slicing the blocks 
into 10 cm slabs (see Figure A5-1) to develop a three-dimensional fracture pattern eliminated any 
mapping bias. The wire saw cutting of the blocks and their removal, and the slab cutting likely allowed 
closed fractures to open and caused some fractures to extend. Therefore the 3D mapped fractures likely 
overestimate the fracture pattern in situ. It is believed that they have carefully characterised all fractures 
in the excavated rock blocks and have created a new standard for fracture mapping in the EDZ. Any 
bias introduced by this new technique is judged to be extremely small.

/Ericsson et al. 2009/ used well-established laboratory methods to measure the transmissivity of 
discrete fractures. The bias associated with such laboratory techniques is not considered significant. 
The selection of fractures for testing can be biased since closed or partially closed fractures are not 
sampled. Therefore the fracture sampling produces a bias that results in upperbound transmissivity 
values. This bias is considered acceptable.

/Glamheden et al. 2010/ concluded that the hole scale used in CAPS project (Counterforce Applied 
to Prevent Spalling) was too small to be fully representative for the heterogeneous rock conditions 
encountered at Äspö. The depth of spalling is dependent on hole size, i.e. the larger the hole the 
greater the depth for given stress conditions, and therefore the conclusions by /Glamheden et al. 
2010/ may be biased by this factor.

CAPS hydraulic testing was carried out using standard testing procedures used for borehole testing. 
Complete saturation during testing could not be ensured. However, it is unlikely these conditions 
affected the conclusions by /Glamheden et al. 2010/ regarding the relative transmissivity of the spalled 
zone. The absolute transmissivity values for the spalled zone may be biased by the test conditions, 
but the uncertainties due to this bias are judged to be small.
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The uncertainties due to bias associated with the numerical models analysed by /Hökmark et al. 
2010/ are judged to be small. In the analyses for the Laxemar site; /Hökmark et al. 2010/ assess the 
potential for spalling during two out of the four repository phases: the excavation and operational 
phase and the subsequent heated phase of initial temperate phase. Similarly to the analyses con-
ducted for the Forsmark site, these phases are analysed independently of each other, cf. Section 6.5.7 
of the SR-Site Data report /SKB 2010b/:

•	 It is assumed that transition from in situ conditions to excavated state takes place in undisturbed 
rock. 

•	 For the heated part of the temperate phase, the projected deposition sequence /Leander et al. 2009/ 
is approximated by simultaneous deposition of all canisters.

Data uncertainty due to representativity
The results documented by /Olsson et al. 2009/ were obtained from a tunnel excavation in fractured 
rock that utilised careful-blasting techniques. While the data produced by /Olsson et al. 2009/ represent 
conditions of a carefully blasted tunnel wall, it must be recognised that there are few as carefully 
conducted characterisations from other underground excavations. It has been demonstrated by /Kuzyk 
and Martino 2008/ that careful blasting techniques can essentially eliminate the connected fracture 
characteristics that are frequently associated with an EDZ created using traditional drill and blast 
techniques. Therefore, while the /Olsson et al. 2009/ data set is unique, it is believed that their findings 
are applicable to hard rock masses where careful blasting techniques are applied. 

Figure A5-1. Schematic view of the process of extracting blocks from the tunnel wall, sawing the block into 
slabs and making a digital 3D model of the tunnel. Reproduced from /Olsson et al. 2009, Figure 4-6/.
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As already stated above, it is difficult to know if the transmissivity values reported by /Ericsson 
et al. 2009/ for the fractures in individual cored samples taken from this zone are representative, or 
represent an upper bound value. In addition the transmissivity values of the very small discontinuous 
fractures were not measured.

The spalling criteria and EDZ data have been obtained from Äspö HRL. The rock mass at Äspö HRL 
is considered typical of the rock masses found in Fennoscandia. The EDZ fracturing is composed of 
natural fracturing and excavation-induced fractures. The excavation-induced fractures are a function 
of the blast design and are hence controlled. The natural fractures are a characteristic of the rock mass 
and may locally vary. However, at the repository depth this variability is not judged to be significant. 
The spalling strength developed by /Anderssson 2007/ at Äspö HRL has been normalised to the labora-
tory uniaxial compressive strength, which has been measured for all the major rock types at Laxemar 
and Forsmark. 

Estimates of the spalling potential are based on results from linear elastic models /Hökmark et al. 
2010/ without considering structurally controlled failures. As part of the safety assessment SR-Can, 
/Fälth and Hökmark 2007/ found that slipping low strength-fractures intersecting the deposition 
hole tend to increase the tangential stresses between the intersection and the floor and to reduce 
them below the intersection. However, /Hökmark et al. 2006, 2010/ concluded that sporadic local, 
structurally controlled failures should not be considered important for the overall assessment of the 
spalling potential. This means that, for sparsely fractured rock, the linear elastic models analysed by 
/Hökmark et al. 2010/ are judged to be adequate. 

A5.7	 Spatial and temporal variability of data
Spatial variability of data
Spatial variations of the potential for spalling depend mainly on the spatial variability of the thermal, 
thermo-mechanical, and mechanical properties of the rock. These variations are assessed in Chapters A2 
and A4 of this report. In order to quantify the number of deposition holes that will have thermally 
induced spalling, the following approximations regarding the spatial variability of data are made:

•	 Distribution of thermal conductivity: The value of the thermal conductivity (i.e. mean or 
dimensioning value) was found to have an impact on the potential for thermally induced spalling 
/Hökmark et al. 2010/. Usually, the dimensioning value of the thermal conductivity is within 
the 0.1–2 percentile of the low-conductivity tail of the conductivity distribution /Hökmark et al. 
2009/. For the purpose of the quantifying the number of deposition holes with thermally induced 
spalling, it is assumed that 10% of all deposition holes in a given rock domain are located within 
rock in which the dimensioning value of the thermal conductivity is representative and that the 
remaining deposition holes are located within rock in which the mean value thermal conductivity 
is representative.

•	 Variation in Young’s modulus: The variation in the magnitude of Young’s modulus between the 
fracture domains was found to have an impact on the potential for spalling /Hökmark et al. 2010/. 
However, it is not possible to deduce from the layout itself how many potential canister positions 
are located within each fracture domain (the number of potential canister positions in each rock 
domain is known, see /Hökmark et al. 2010, section I2.2/). Therefore, based on a qualitative 
assessment of how the repository is located in relation to the fracture domains (see Figure A5-2), 
all deposition holes located within rock domain RSMA are approximated to be located within 
fracture domain FSM_EW007, which has a lower value of Young’s modulus. The remaining 
canister positions are assumed to be located within fracture domains FSM_W, FSM_NE005 
and FSM_C, which all have the same (higher) value of Young’s modulus. 

The following additional factors contribute to the spatial variability of the potential for spalling:

•	 Repository layout, i.e. tunnel orientation with respect to the major horizontal in situ stress: 
It is well known that the tangential stresses in the walls of a deposition hole are minimised if 
the deposition tunnel is aligned with the major horizontal in situ stress. In the layout version 
considered by /Hökmark et al. 2010/, all deposition tunnels have a small deviation (approx. 5°) 
from the most likely orientation of the major horizontal in situ stress.
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•	 The location within the repository region (applies for the heated part of the temperate phase): 
Canister positions located near a tunnel end or beginning have lower temperatures than more 
centrally located canister positions /Hökmark et al. 2009/. Consequently, the stresses in the walls 
of the former deposition holes would also be lower. However, the potential for spalling in the walls 
of such deposition holes has not been analysed by /Hökmark et al. 2010/. Furthermore, the ther-
mally induced stresses around deposition holes located close to rejected canister positions will 
also be lower. For the purpose of providing upper bound estimates of the potential for spalling, 
/Hökmark et al. 2010/ assumes that no potential canister positions are rejected.

Temporal variability of data
In the numerical modelling, it is assumed that the thermal, thermo-mechanical, and mechanical 
properties of the rock mass do not vary with time (cf. Chapters A2 and A4). 

The potential for spalling varies with the induced loads during the different repository phases 
/Hökmark et al. 2010/:

•	 Construction and operational phase: Spalling in the walls of deposition holes during the 
construction and operational phase will occur only by way of exception.

•	 Heated period of the temperate phase: The potential for thermally induced spalling, in a given 
rock domain, depends on the state of in situ stress and the thermal and mechanical properties in 
that rock domain (see also sections on precision and spatial variability. For a discussion on the 
temporal evolution of the spalled zone, see Section 6.5.6 of the SR-Site Data report /SKB 2010b/.

Rock domain RSMA

Rock domain RSMM

Rock domain RSMD

Fracture domain FSM_EW007

Fracture domain FSM_NE005

Fracture domain FSM_C

Fracture domain FSM_W

Figure A5-2. Repository layout superimposed on map showing outlines of the fracture domains at 
500 m depth. The layout is colour coded according to rock domain (RSMA is blue, RSMM is green and 
RSMD is red). Fracture domains (FSM_x) are represented by coloured blocks (FSM_EW007 is light blue, 
FSM_W is yellow, FSM_C is lilac and FSM_NE005 is beige). Background map modified from /SKB 2009, 
Figure 5-62/.
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A5.8	 Correlations
The potential for spalling depends on the properties of the rock mass (elastic properties, heat transport 
properties, and the coefficient of thermal expansion), the magnitude and orientations of the in situ 
stresses, as well as the near-field design of deposition tunnels and deposition holes. The potential 
for spalling is assessed by comparison of the calculated tangential stresses /Hökmark et al. 2010/ 
with the estimated spalling strength. The parameter values used in the modelling work are described 
in Section A4.10 of this report. Similarly to the assessment for SR-Can /Hökmark et al. 2006/, the 
possibility that the swelling pressure from the bentonite buffer may suppress spalling is ignored. 

There is no correlation that needs to be considered in subsequent hydrogeological or radionuclide 
transport modelling. 

A5.9	 Result of supplier’s data qualification
Data for the tunnels
In this appendix, the absence of an EDZ that is connected on the tunnel scale is argued, as motivated 
based on experimental observations and data. This does not necessarily mean that transmissivity in 
the EDZ is as low as in the undisturbed rock, wherefore the axial transmissivity T (m2/s) of the EDZ 
along deposition tunnels, other tunnels, and shafts is given.

As stated in the Underground opening construction report /SKB 2010a, Chapter 6/, it is possible to 
control the drill and blasting of the tunnels such that a continuous fracturing along the axial direction 
of the tunnel will not develop. This was stated already in SR-Can, based on experiences from the 
excavation of the TASQ tunnel at ÄSPÖ HRL /Olsson et al. 2004/, and has been further confirmed 
by the intermediate results from the demonstration trial of smooth blasting techniques at the ÄSPÖ 
HRL /Olsson et al. 2009, Ericsson et al. 2009/. These indicate that blast induced fractures in the 
rock side-walls are dominantly radial and that such fractures will not be continuous along the axial 
direction of the tunnel over any significant distance, see Figure A5-3.

Figure A5-3. Top: Boreholes, slabs and all interpreted fractures. Bottom: Ditto but only with blast and 
blast-induced fractures. The colours indicate different fractures according to: Green = natural, red = blast, 
and yellow = blast induced. Reproduced from /Olsson et al. 2009, Fig 7-9 and 7-10/. The length of the test 
area is 8 m and the height is 1.5 m.
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Furthermore, available literature suggests that the hydraulic conductivity in drilled and blasted tunnels 
is on the order of 10–8 m/s /Bäckblom 2008/ although these conductivities could possibly be very 
local and may not necessarily be created by the excavation activities.

In the near-field, the geometry of individual fractures and how they intersect repository openings 
and interact with other fractures are much more important than details in the background stress field. 
Therefore, the estimates given in SR-Can /Hökmark et al. 2006/, i.e. an increase in transmissivity of 
about two orders of magnitude 1–2 m from the tunnel openings and no significant change elsewhere, 
are relevant also for the Laxemar site (see also Section 6.5.10 of the SR-Site data report /SKB 
2010b/). 

An increase of the transmissivity by two orders of magnitude, as compared to the pristine rock with a 
transmissivity of about 10–10 m2/s, would suggest an axial transmissivity of about 10–8 m2/s in the EDZ. 

Very close to the periphery of the tunnel, the normal stress could be low enough that, theoretically, 
the transmissvity increase could be even larger than that suggested in SR-Can for fractures that are 
almost parallel to the tunnel axis. However, in reality fractures will not be persistently parallel to the 
tunnel where there are deposition holes, especially since deposition holes intersected by fractures 
intersecting more than four deposition holes will be rejected according to the EFPC criterion. This 
means that this effect can be discarded, or at least captured within the EDZ assumption of T = 10–8 m2/s 
along the tunnel.

Data for the deposition holes
The data that should be supplied are listed in Section A5.1. This is addressed in the following.

Potential for spalling
The potential occurrence of spalling is site and repository design specific, as it depends on the in situ 
stress, the intact rock mechanical strength, and on the repository layout (i.e. orientation of deposition 
tunnels and near-field design of deposition tunnels and deposition holes). For the heated part of the 
initial temperate phase, additional parameters such as the elastic properties, the heat transport properties, 
and the thermo-mechanical properties of the rock mass become important. Spalling is the only 
fracturing mechanism identified as relevant during the initial temperate period. 

/Hökmark et al. 2010/ have revised the assessment of potential for thermally induced spalling 
presented in SR-Can, using a detailed near-field model geometry that incorporates one tunnel 
segment with seven canisters, three of which have explicitly modelled deposition holes. The model 
calculates the tangential stress in the wall of the deposition hole resulting from the excavation, and 
the subsequent thermal load. The calculated stress is in turn compared with the spalling strength of 
the rock, which is assumed to be in the range 52–62% of the uniaxial compressive strength (UCS) 
of intact rock in each rock domain (cf. Table A4-17 in Chapter A4). /Hökmark et al. 2010/ studied 
a number of cases with different assumptions regarding the value of the thermal conductivity, and 
magnitudes and orientations of the in situ stress. An attempt to quantify the number of deposition 
holes with thermally induced spalling is made in Table A5-4 and Table A5-5. /Hökmark et al. 2010/ 
estimate the potential for spalling in one or two locations in each rock domain at Laxemar. For each 
model, two assumptions are made regarding the thermal conductivity (mean or dimensioning value) 
and two assumptions are made regarding the most likely in situ stress magnitudes and orientations 
(cf. Table A4-19 of Chapter A4). The result from each model, in terms of potential for spalling, is 
subsequently taken to be representative of all deposition holes in a given rock domain with the same 
assumption regarding thermal conductivity and state of in situ stress.
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A summary of the results is provided by the following:
•	 All models predict that spalling after excavation will occur only by exception.
•	 For the most likely stress model given in the Laxemar site description report, thermally induced 

spalling is likely in about 50% of the deposition holes, cf. Table A5-4.
•	 With the major principal stress as in Äspö, thermally induced spalling is likely in the great majority 

of the deposition holes, cf. Table A5-5. 

Geometry and location of the spalled zone
Examples of the magnitude of the major principal stress and its location on the deposition hole 
perimeter at stress maximum are provided in Figure A5-4 (most likely in situ stress model as given in 
the site report for Laxemar) and Figure A5-5 (in situ stress model with the major principal stress as in 
Äspö). These examples apply for a typical deposition hole in rock domain RSMD, which according 
to the model results provided in /Hökmark et al. 2010/ is the rock domain that has the highest potential 
for thermally induced spalling. Note that the stress perturbation at approximately 2 m depth is due 
to the fact that the location of the maximum stress in the deposition hole wall coincides with the 
location of the deposition hole wedge (cf. Section 9.3 in /Hökmark et al. 2010/). 

As seen in Figure A5-4 and Figure A5-5, for these cases representing the most likely stress magni-
tudes and orientations, the length of the spalled zone is highly dependent on the assumed state of in 
situ stress. If the major horizontal stress can be assumed to be equal to that at Äspö, spalling is likely 
to occur along the great majority of the deposition hole (Figure A5-5). Therefore it is reasonable 
to assume, as an upper bound estimate, a length of the spalled zone Lzone of 8 m, located along the 
entire length of the deposition hole.

According to /Hökmark et al. 2010/ there is, at present, no way of directly calculating the actual 
shape or depth of thermally induced failures. Experience from the APSE /Andersson 2007/ indicates 
that the failures will be notch-shaped and that the notch will self-stabilise at some depth that depends 
on the stress that prevailed at the time of the failure. Once the notch is stable, subsequent increases 
in stress will not significantly increase the depth of the failure. The notch developed at APSE was 
typically 0.5 m wide /Andersson 2007, Figure 6-17/ and 0.1 m deep (thick) /Andersson 2007, 
Figure 6-18/. Based on this Wzone = 0.5 m and dzone = 0.1 m is suggested.

Table A5-4. Esimate of number of deposition holes with thermally induced spalling (Yes = model 
results predict that there will be thermally indced spalling, No = model results predict that there 
will not be any thermally induced spalling, see Figures I-29, I-30, I-31 and I-33 in /Hökmark et al. 
2010/). Most likely in situ stress magnitudes and orientations as given in the site description of 
Laxemar, cf. Table A4-19 in Chapter A4.

Rock domain Thermal conductivity Deposition holes with 
spalling (% of total)Mean Dimensioning

RSMA No No 0.0
RSMD Yes Yes 44.0
RSMM No Yes 3.1
Deposition holes with spalling (% of total) 39.6 7.5 47.1

Table A5-5. Esimate of number of deposition holes with thermally induced spalling (Yes = model 
results predict that there will be thermally indced spalling, No = model results predict that there 
will not be any thermally induced spalling, see Figures I-29, I-30, I-31 and I-33 in /Hökmark et al. 
2010/). Most likely in situ stress magnitudes and orientations with the major horizontal stress as 
in Äspö, cf. Table A4-19 in Chapter A4.

Rock domain Thermal conductivity Deposition holes with 
spalling (% of total)Mean Dimensioning

RSMA Yes Yes 35.0
RSMD Yes Yes 44.0
RSMM Yes Yes 31.0
Deposition holes with spalling (% of total) 90.0 10.0 100.0
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Figure A5-4. Left: Simulated maximum tangential stress along the deposition hole wall for the most likely 
in situ stress magnitudes and orientations given in the site report for Laxemar after excavation (Exc) and 
after 50 years of heating for two assumptions regarding the thermal conductivity – mean value (1a) and 
dimensioning value (1b). Blue area represents spalling strength in rock domain RSMD (52-62% of UCS). 
Right: Location of maximum stress on deposition hole perimeter. Both figures are obtained from Figure I-34 
in /Hökmark et al. 2010/.

Figure A5-5. Left: Simulated maximum tangential stress along the deposition hole wall for the most likely 
in situ stress magnitudes and orientations (major horizontal in situ stress as in Äspö) after excavation (Exc) 
and 50 yearsof heating for two assumptions regarding the thermal conductivity – mean value (1a) and 
dimensioning value (1b). Blue area represents spalling strength in rock domain RSMD (52–62% of UCS). 
Right: Location of maximum stress on deposition hole perimeter. Both figures are obtained from Figure I-35 
in /Hökmark et al. 2010/.

Tortuosity and porosity of the spalled zone
The data concerning tortuosity and porosity of the spalled zone were obtained in the Äspö Pillar 
Stability Experiment /Neretnieks and Andersson 2009, Andersson 2007, Neretnieks et al. 2010/. 
These data are applied for both the Forsmark and Laxemar sites. As justified in the corresponding 
section of the SR-Site Data report /SKB 2010b/, τy = 10 and εzone = 0.02 are suggested.
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Hydraulic conductivity 
The data on the hydraulic conductivity of the spelled zone are obtained at the Äspö HRL. These data are 
applied for both the Forsmark and Laxemar sites. As justified in the corresponding section of the SR-Site 
Data report /SKB 2010b/, the hydraulic conductivity of the spalled zone is suggested to be “high”.

The connected effective transmissivity T (m2/s) of the deposition hole EDZ
As justified in the SR-Site Data report, based on the findings in /Bäckblom 2008, SKB 2010a/ the 
transmissivity associated with EDZ in deposition holes is less than 10–10 m2/s. This is under the pre-
requisite that no spalling occurs. This data are judged to be applicable for the Laxemar site.

A5.10	 Data recommended for use in comparative analysis
Hydraulic properties along tunnel walls and floor
Table A5-6 lists the recommended axial transmissivity value along tunnel walls. The recommended 
value is based on the value given as a design premises. However, some variant transmissivity values 
are also suggested as input for exploring how transmissive an EDZ need to be in order to significantly 
impact other safety functions, as well as exploring the impact of no axially continuous EDZ at all.

Table A5-7. Recommended data for deposition hole walls.

Parameter Value Variant values

Potential for spalling High –
Length of spalled zone, Lzone 8 m No spalling
Thickness of spalled zone, dzone 0.1 m No spalling
Width of spalled zone, Wzone 0.5 m No spalling
Tortuosity of spalled zone, τy 10 No spalling
Spalled zone porosity, εzone 0.02 No spalling
Hydraulic conductivity of spalled zone, K High No spalling
Connected effective transmissivity of deposition hole wall 
EDZ, in holes where no spalling occurs

10–10 m2/s –

Table A5-6. Recommended axial transmissivity data along deposition tunnels, other tunnels, 
and shaft.

Parameter Recommended value Variant values

Tunnel and shaft EDZ transmissivity 10−8 m2/s 0, 10-7, 10-6 m2/s

Hydraulic properties in deposition hole wall
Table A5-7 lists recommended hydraulic data along the deposition hole walls, and properties of the 
spalled zone. Two variants are recommended, assuming no spalling or spalling in all deposition holes. 
However, it should be observed that in case the buffer is lost, there is no impact from spalling. The 
occurrence of spalling should not affect the potential for loss of buffer or for canister corrosion (see 
SR-Site Main report /SKB 2011, Section 10.3.11/).
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A6	 Quantities for groundwater flow modelling
The use of hydrogeological models in the Comparative analysis allows for simulations of groundwater 
flow from a deep disposal facility to the biosphere. It also allows for the calculation of performance 
measures that will provide an input to a safety assessment. 

This appendix provides site specific data of the quantities associated with the stochastic fracture 
network realisations for use in the discrete fracture network (DFN) and equivalent continuous 
porous medium (ECPM) groundwater flow modelling. This appendix only concerns quantities and 
properties of the rock mass volumes found in between deterministically modelled deformation zones 
(DZ). The flow and transport properties of the latter, as well as of the regolith found on top of the 
rockhead, are given in /Rhén and Hartley 2009/. 

The hydrogeological data presented in this appendix feed into the assessment of flow related migration 
properties. The usage of flow related migration properties in the Comparative analysis is described in 
Chapter A7.

Similar types of calculations have been performed in SR-Site based on Forsmark data. A corresponding 
text for the Forsmark site is found in Section 6.6 of the SR-Site Data report /SKB 2010/. In instances 
concerning uncertainties and methodologies that are general for both sites, we have chosen to refer to 
the corresponding Forsmark text instead of repeating the information. Therefore, we recommend 
the reader to examine Section 6.6 of the SR-Site Data report prior to reading this present text. 

 
A6.1	 Modelling as input to the Comparative analysis of safety related site 

characteristics
In the Comparative analysis, groundwater flow in the repository host rock is conceptualised to occur in 
a discrete fracture network. Hydrogeological DFN models explicitly model the fractures through which 
the groundwater flows, and are characterised by quantities associated with these fractures, such as ori-
entation, size, intensity, transmissivity, and aperture. Hydrogeological DFN modelling invokes Monte 
Carlo simulations (multiple realisations) as the fracture quantities are described statistically. They often 
represent a local rock volume, due to the high demands of computational capacity. The central part of 
the site scale model is commonly represented by a using an explicit DFN concept.

In order to assess the implications of DFN models on flow and transport on scales larger than that 
encompassed by the immediate repository host rock, it is often necessary for practical reasons to 
convert DFN models to models with appropriate continuum flow and transport properties. These 
properties include hydraulic conductivity, fracture kinematic porosity, and flow wetted fracture 
surface area per unit volume of rock. On a regional model scale, i.e. in rock mass volumes far away 
from the repository, the ECPM approach with heterogeneous flow and transport properties is used. 
The ECPM properties are derived by means of up-scaling the underlying DFN realisation. Since 
each ECPM model is based on a particular underlying stochastic DFN realisation, the flow and 
transport properties of the ECPM models are also stochastic. That is, uncertainties relating to the 
spatial variability are quantified by means of multiple realisations. On an intermediate model scale, 
i.e. on a site scale, the equivalent continuous porous medium approach with heterogeneous flow 
and transport properties is used. 

In conclusion, in the modelling of Laxemar for the Comparative analysis, the groundwater flow model-
ling on the repository and site scales is performed using the DFN and ECPM approaches, respectively. 
On a regional scale, groundwater flow modelling is performed using the ECPM approach. The rational 
for using this mixture of flow concepts in SR-Site is summarised in /Selroos and Follin 2010/. The same 
rational is used for the Comparative analysis.

Defining the data requested from the supplier
The following quantities associated with the generation of stochastic fracture network realisations 
for use in the DFN and ECPM groundwater flow modelling are requested from the supplier:
•	 The fracture orientation model statistics for each suggested fracture set, in terms of the Fisher 

distribution mean pole trend (°), plunge (°) and concentration κ (–). 
•	 The fracture size model statistics for each suggested fracture set in terms of the Pareto distribu-

tion location parameter r0 (m) and shape parameter kr (–). 
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•	 Statistics for the fracture intensity model, in terms of the open fracture surface intensity per unit 
volume of rock P32,o[r0,564m] (m2/m3), for each suggested fracture set. The largest fracture radius 
considered for these data should be 564.2 m (cf. Chapter A3).

•	 The constants a, b, and σlogT, for a semi-correlated transmissivity model. Constants for correlated 
and uncorrelated transmissivity models are presented in the SDM-Site Laxemar report by /Rhén 
and Hartley 2009/, but only the semi-correlated concept is used in the Comparative analysis. 

All these data should be given for each suggested fracture set. Judged as appropriate by the supplier, 
different fracture sets should be suggested for different rock mass volumes of the host rock. In addition, 
the repository system should be taken into account, in case it affects how discrete fractures are connected. 

Modelling activities in which data will be used 
Groundwater flow modelling for the Laxemar site is performed in the Comparative analysis with the 

purpose of: 
•	 Estimating the inflow rate to the repository and the potential for upconing of saline groundwater 

during open repository conditions.
•	 Assessing exit locations of downstream flow paths as well as entrance locations of upstream flow 

paths starting at different deposition hole positions. In addition their associated flow-related trans-
port properties are assessed, such as Darcy fluxes at repository depth, advective travel times, and 
transport resistances during saturated temperate, periglacial, or glacial conditions (cf. Chapter A7). 

•	 Delivering input data to hydrogeochemical modelling during saturated temperate, periglacial, and 
glacial conditions (cf. Chapter A1). 

The following groundwater flow modelling studies are performed in the Comparative analysis: 
•	 Excavation and operation phases: During the excavation and operation phases of the repository, 

the system is characterised by the tunnels being at atmospheric pressure. Simulations of the exca-
vation and operation periods are performed by /Svensson and Follin 2010/ using the DarcyTools 
code /Svensson et al. 2010/. For the inflow calculations, saturated groundwater flow below the 
groundwater table, and a simplified description of unsaturated flow above the groundwater table, 
are used. Additional simulations of near-surface effects are done using the hydrogeological mod-
elling tool MIKE-SHE /Mårtensson et al. 2009/. The objective of these latter studies is primarily 
to assess the interaction between the near-surface and deep rock groundwater systems. Also, the 
near-surface modelling can provide information to Environmental Impact Assessment studies.

•	 Periods with temperate climate conditions: The simulations that deal with temperate climate 
conditions address an approximately 20,000 year long period, extending from repository satura-
tion up till the initiation of the next permafrost-glaciation event. Saturated groundwater flow is 
modelled including the shoreline displacement as a transient boundary condition. The backfilled 
tunnels are explicitly included in the models that are based on a nesting of different scales (from 
regional to site to canister scales) using a mixture of continuum and discrete fracture network 
representations of the rock mass. Simulations of the temperate period are performed by /Joyce 
et al. 2010/ using the ConnectFlow code /Hartley and Holton 2005/. The strategy for identifying 
the most important and/or critical hydrogeological variants to be addressed in the temperate 
period simulations is to propagate a number of SDM-Site variants to the regional scale simula-
tions. The Comparative analysis simulations for Laxemar differ from the SDM-Site calculations 
in that they cover the time period from the end of the last glaciation up till the onset of the next 
glacial period, whereas the SDM-Site models end at present day conditions. The variants with 
greatest impact on performance measures are propagated to detailed site and repository scale 
calculations involving an explicit hydrogeological DFN representation. 

•	 Periods with periglacial and glacial climate conditions: The main objective of the periglacial 
and glacial simulations is to assess the groundwater flow pattern during periods when the upper 
part of the geosphere may be frozen, thus restricting flow, and/or when a glacial load (glaciation 
advance and retreat) may imply different recharge and stress conditions. Input is obtained from 
an ice-sheet model that provides the glacial conditions. A second objective is to study the possible 
movement of salt due to up-coning during glacial conditions. Simulations of the permafrost and 
glacial conditions are performed by /Vidstrand et al. 2010/ using the DarcyTools code. The model-
ling strategy is to identify important parameter combinations of climatological and rock property 
conditions, and then implement 3-D models on a large, supra-regional scale.
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A6.2	 Supplier input on use of data in the Comparative analysis
The Laxemar site generally has a higher frequency of flowing fractures at depth than the Forsmark 
site. Furthermore, in the hydrogeological modelling it has been found that the groundwater flow rates 
in deformation zones and background fractures at depth are higher in Laxemar than in Forsmark. The 
groundwater flow rates through the repository host rock have a large influence on the safety assessment 
and therefore these data, together with the data delivered in Chapter A7, may prove valuable for the 
Comparative analysis. 

 
A6.3	 Sources of information and documentation of data qualification
Sources of information
The main sources of information are listed in Table A6‑1. The publications referred to provide 
important input to the groundwater flow modelling studies carried out in the Comparative analysis. 

Table A6-1. Main sources of information used in data qualification.

Joyce S, Simpson T, Hartley L, Applegate D, Hoek J, Jackson P, Roberts D, Swan D, Gylling B, Marsic N, 
Rhén I, 2010. Groundwater flow modelling of periods with temperate climate conditions – Laxemar. SKB R-09-24, 
Svensk Kärnbränslehantering AB.
Rhén I, Hartley L, 2009. Bedrock Hydrogeology Laxemar, Site descriptive modelling, SDM-Site Laxemar. SKB R-08-92, 
Svensk Kärnbränslehantering AB.
SKB, 2006. Climate and climate-related issues for the safety assessment SR-Can. SKB TR-06-23, Svensk Kärn-
bränslehantering AB.
SKB, 2009a. Site description of Laxemar at completion of the site investigation phase. SDM-Site Laxemar. 
SKB TR-09-01, Svensk Kärnbränslehantering AB.
SKB, 2009b. Underground design Laxemar. Layout D2. SKB R-09-16, Svensk Kärnbränslehantering AB.
SKB, 2010. Data report for the safety assessment SR-Site. SKB TR-10-52, Svensk Kärnbränslehantering AB.
Svensson U, Rhén I, 2010. Groundwater flow modelling of the excavation and operation phases – Laxemar. 
SKB R-09-23, Svensk Kärnbränslehantering AB
Vidstrand P, Rhén I, Zugec N, 2010. Groundwater flow modelling of periods with periglacial and glacial conditions 
– Laxemar. SKB R-09-25, Svensk Kärnbränslehantering AB.

The SDM-Site version of site description Laxemar /SKB 2009a/ summarises the results of modelling 
activities in several disciplines. /Rhén and Hartley 2009/ is the key reference document on bedrock 
hydrogeology at Laxemar and summarises the results of a chain of groundwater flow modelling 
activities carried out on behalf of site description Laxemar.

/SKB 2009b/ provides the geometry of the repository system (Layout D2) that is taken into account 
in the analyses of how discrete fractures are connected to the repository system. The SR-Site Data 
report /SKB 2010/ provides important data on the engineered barrier system, such as the hydraulic 
properties of the backfill. These data support the hydrogeological modelling of Laxemar in the 
Comparative analysis. 

The SR-Can Climate report /SKB 2006/ provides a description of past and future climate conditions 
at the Laxemar site (also reported in Chapter 3 of this present report). The understanding of historic 
data and the suggested reference evolution of the future is used as input to the groundwater flow 
modelling that handles periods with temperate climate conditions /Joyce et al. 2010/ and periglacial 
and glacial climate conditions /Vidstrand et al. 2010/.

/Joyce et al. 2010/ provides a description of the chosen methodology for groundwater flow modelling 
of Laxemar in the Comparative analysis, and the corresponding simulation results. /Svensson and 
Rhén 2010/ provides a description of the inflow calculations to the repository during the excavation 
and operation phases.

Categorising data sets as qualified or supporting data 
The data requested in this appendix have been produced during a chain of site-descriptive modelling 
activities and also in activities of the Comparative analysis, taking the repository layout into account. 
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Most data sets in this appendix are reproduced from tables or equivalents of background reports, which 
are referenced in Table A6‑2. Data sets that are produced for the Laxemar site within site-descriptive 
modelling or Comparative analysis activities are generally considered as qualified. The sorting of data 
sets as qualified or supporting is justified in Table A6‑3.

Table A6-2. Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. /Joyce et al. 2010/, Table E-1: The fracture orientation, 
size, and intensity statistics, as well as the fracture trans-
missivity model constants for the fraction of the repository 
rock mass volume coinciding with the hydraulic rock domain 
HRD_C.
2. /Joyce et al. 2010/, Table E-2: As in 1. but for the fraction 
of repository rock mass volume coinciding with the rock 
domain HRD_EW007.
3. /Joyce et al. 2010/, Table E-3: As in 1. but for the site-
scale rock mass volume coinciding with the rock domains 
HRD_W.
4. /Joyce et al. 2010/, Table 2-2: The hydraulic conductivity 
for the rock mass volumes far away from the repository host 
rock mass volume (outside HRD_C, HRD_EW007, and 
HRD_W).

5. /Joyce et al. 2010/, Equation 3-2: The fracture 
aperture model constants.

Table A6-3. Justification of the sorting of items in Table A6-2.

1–3: For the repository host rock mass volume and the 
site-scale rock mass volume, the fracture orientation 
model statistics, the fracture size model statistics, the 
fracture intensity model statistics, and the fracture trans-
missivity model constants coinciding with rock domains 
HRD_C, HRD_EW007, and HRD_W were derived and 
applied within the site-descriptive modelling through a 
chain of different modelling activities that were each peer 
reviewed. These modelling activities comply with the SKB 
quality assurance system and thus the data are judged as 
qualified.
4: The rock mass in the regional model, outside the 
defined HRDs mentioned above, is based on the material 
property assignments made in model version Laxemar 1.2

(summarised in /Rhén et al. 2009/) and assessments 
of similarities between regional HRDs and the newly 
developed HRDs inside the Laxemar local model volume; 
HRD_C, HRD_EW007, HRD_N and HRD_W. These mod-
elling activities comply with the SKB quality assurance 
system and thus the data are judged as qualified. 
5: For the host rock mass volume, the fracture aperture 
model constants (reported in /Hjerne et al. 2010/) were 
applied within the site-descriptive modelling through a 
chain of different modelling activities that were each peer-
reviewed. Although these modelling activities comply with 
the SKB quality assurance system, the model parameters 
are not based on investigations at Laxemar. These data 
are therefore sorted as supporting.

Excluded data previously considered as important
Throughout the modelling chain of the site descriptions and Comparative analysis there have been 
modifications of the hydrogeological models (e.g. /Rhén et al. 2008/). Different models may utilise 
different data collected in the site investigation.

 
A6.4	 Conditions for which data are supplied
Six fracture domains, (FSM_C, FSM_EW007, FSM_N, FSM_NE005, FSM_S, FSM_W), are defined 
in the geological DFN modelling based on spatial differences in the fracture frequency of all fractures 
/La Pointe et al. 2008/. In the hydrogeological DFN modelling, hydraulic rock domains (HRD’s) were 
introduced /Rhén and Hartley 2009/ based on the differences observed in the frequency of flowing 
fractures versus depth. HRD_C is corresponding to FSM_C, FSM_NE005, and FSM_S in combina-
tion. HRD_EW007 is corresponding to FSM_EW007, HRD_N to FSM_N, and HRD_W to FSM_W 
with exclusion of data from KLX13A /Rhén et al. 2008/. Figure A6‑1 shows two cartoons of the rock 
domains at Laxemar that constitute the rock mass volumes on the repository and site scales.

The assignment of the rock mass in the regional model, outside the defined four HRD’s mentioned 
above, is based on the material property assignments made in model version Laxemar 1.2 (summarised 
in /Rhén et al. 2009/) and assessments of similarities between regional HRD’s and the newly devel-
oped HRD’s inside the Laxemar local model volume; HRD_C, HRD_EW007, HRD_N and HRD_W.
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Figure A6‑1. Cartoons showing the rock domains at Laxemar that constitute the bedrock surrounding the 
repository. The key rock domains forming the repository host rock are labelled HRD_C, HRD_EW007, and 
HRD_W. Labels beginning with ZSM are names of major deformation zones. Reproduced from Figures 5-4 
and 5-5 in /Rhén and Hartley 2009/. Note that in the cross-sectional cartoon, left represents south and right 
represents north (as opposed to the direction in e.g. Figure A6‑2).

Structural-hydraulic data from cored boreholes gathered during the site investigations at Laxemar 
/Rhén et al. 2009/ are used in the hydrogeological DFN modelling in the Comparative analysis. The 
boreholes are drilled at different locations and in different orientations in the rock mass volumes sur-
rounding the repository. A comparison of conceptual models for fracture domains, hydrogeological 
DFN, and associated hydraulic rock mass domains is shown in Figure A6‑2.

The structural data gathered in the boreholes are analysed for each fracture domain sub-unit based 
on the analyses of fracture frequency, the spatial arrangement of fractures, fracture orientation, and 
fracture size, as described in the geological DFN modelling. In order to construct the hydrogeologi-
cal DFN model representation for the Comparative analysis, the same methodology was initially 
used as the one described in the SR-Site Data report /SKB 2010, Section 6.6/. However, the 
upscaled hydrogeological DFN models based on the methodology used in the SDM-Site Laxemar 
seem to overestimate the hydraulic properties of the rock of Laxemar. In order to improve the 
representation, an Elaborated hydrogeological DFN methodology was developed /Joyce et al. 2010/. 



94	 TR-10-54

The key changes used for the Elaborated Hydro-DFN methodology compared to the methodology 
detailed in /Rhén et al. 2009/, as used for SDM-Site, are the following:

•	 Representative boreholes were modelled explicitly, and HCD’s included in these models.

•	 Particular care was taken with the fracture size to transmissivity relationship assigned to the 
WNW set in DZ3.

•	 Particular care was taken to calibrate the fracture sets individually.

•	 A maximum Terzaghi correction of 100 was used in the modelling, compared to a value of 7 used 
in the SDM-Site Hydro-DFN calibration /Rhén et al. 2008/.

A6.5	 Conceptual uncertainty
In the hydrogeological DFN modelling associated with the Comparative analysis, three key assump-
tions have been made: 

1.	 The fracture surface area per unit volume of rock of all fractures greater than the borehole radius 
P32,a[r ≥ rBH] can be estimated from the Terzaghi corrected linear (1‑D) borehole fracture frequency 
of all fractures, i.e.:

P32,a[r ≥ rBH] ≥ P10,a, corr							       A6-1

By the same token, it is assumed that for the open fractures, that:

P32,o[r ≥ rBH] ≥ P10,o,corr							       A6-2
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Figure A6‑2. Comparison of conceptual models for fracture domains, hydrogeological DFN, and associated 
hydraulic rock mass domains along the N-S cross section (cf. Figure A6‑1). The length of the cross section 
is ~ 4,300 m. Reproduced from Figure 2‑10 in /Joyce et al. 2010/. 
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2.	 The fracture surface area per unit volume of rock (fracture intensity) of all fractures is greater 
than the fracture intensity of open fractures, which in turn is greater than the fracture intensity 
of connected open fractures, which in turn is greater than the measured intensity of flowing 
fractures (pfl fractures) detected with the PFL method, i.e.:

P32,all ≥ P32,open ≥ P32,cof ≥ P32,pfl						      A6-3

3.	 The sizes of all and open fractures, from the smallest fractures to the largest, are both power-law 
distributed (tectonic continuum).

The second and third working hypotheses are illustrated in Figure A6‑3.

Another key assumption is the assignment of fracture transmissivity. In the quantitative calibration 
of fracture transmissivity it is attempted to establish the parameters shown in Table A6‑4. Monte-Carlo 
realisations are studied for each set of parameter values as a mean to address variability between 
realisations. For each hydrogeological DFN realisation, a pumping test simulation has been carried out. 

Table A6-4. Transmissivity model used for the Elaborated hydrogeological DFN modelling.

Type Description Relationship Parameters

Semi-correlated Log-normal distribution about a power-law 
correlated mean

log(T) = log(a⋅rb) + σ log(T) N(0,1) a , b, σ log(T)

 

Figure A6‑3. Cartoon showing the working hypothesis of tectonic continua for all fractures and for open 
fractures, respectively. Given this hypothesis, the possible minimum and maximum limits of the shape 
parameter for the open fractures, (kr,o)min and (kr,o)min, can be defined as shown. Details on how to read 
the figure are given in /SKB 2010, Section 6.6/, from where the figure is reproduced. 
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A6.6	 Data uncertainty due to precision, bias, and representativity
The heterogeneous nature of the flowing fractures in cored boreholes creates uncertainties in the hydro
geological understanding and modelling. To mitigate these uncertainties, a large number of cored 
boreholes were drilled at different locations and orientations in the fractured bedrock at Laxemar. 
Most of the cored boreholes were hydraulically investigated with two types of test methods, in order to 
better understand the spatial differences in the near-field and far-field hydraulic properties. The two test 
methods employed were:

•	 difference flow logging with the Posiva Flow Log (PFL) method during long-term pumping 
conditions; and

•	 short-term double-packer injection tests with the Pipe String System (PSS) method. 

The shortest length of the borehole interval tested is 0.1 m with the PFL method and 5 m with the 
PSS method. This difference in spatial resolution affects the interpretation of the measured frequency 
of flow anomalies, P10,pfl, in particular where this frequency is high (small spacing). This is the most 
important reason why the PFL method was selected as the major single-hole hydraulic test method in 
SDM-Site Laxemar.

The data uncertainty is similar for Laxemar data as for Forsmark data, which is described in 
Section 6.6.7 of the SR-Site Data report /SKB 2010/. 

A6.7	 Spatial and temporal variability of data
Spatial variability of data
Figure A6‑4 shows Terzaghi-corrected frequencies of open and partly open (OPO) fractures, and of 
the flowing fractures detected with the PFL method, of different fracture sets. The data come from 
the cored drilled boreholes at different locations and orientations in hydraulic rock domain HRD_C. 
The figure is based on data in Table 9-10 of /Rhén et al. 2008/, where the corresponding data for the 
other hydraulic rock domains can be found. 

Figure A6‑4. Terzaghi-corrected fracture intensities for open and partly open (OPO) fractures, and PFL-f 
features for the depth zones and fracture sets of HRD_C as an example. Depths zones are defined in terms 
of elevation (masl). Based on Table 9-10 in /Rhén et al. 2008/
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Figure A6‑5 shows transmissivity values of the flowing fractures detected with PFL method in 
hydraulic rock domain HRD_C. The red line represents the geometric mean over the boreholes and 
the dashed blue lines represent the spread between individual boreholes. The figure is based on data in 
Table 9-12 of /Rhén et al. 2008/, where the corresponding data for the other hydraulic rock domains 
can be found.

Temporal variability of data
The geometrical and hydraulic properties reported in /SKB 2009a/ describe the present-day hydraulic 
properties. It is advocated that the present-day properties are reasonable for the groundwater modelling 
of the excavation and operation periods as well as for the temperate period. For the groundwater flow 
modelling of the periglacial and glacial periods, temporal changes in the hydraulic properties seem 
more plausible, e.g. due to the potential impact of freezing and mechanical deformation. The temporal 
changes in the hydraulic properties to be used for Laxemar in the Comparative analysis are described in 
/Vidstrand et al. 2010/.

A6.8	 Correlations 
In the Comparative analysis, particle transport calculations are made in studies dealing with groundwater 
flow modelling during periods with temperate climate conditions /Joyce et al. 2010/ and periglacial 
and glacial climate conditions /Vidstrand et al. 2010/. These flow simulations will employ a mixture of 
DFN and ECPM representations of the rock mass volumes depending on scale and computer code.

With respect to the flow related migration parameters discussed in Chapter A7, in particular the 
flow-related transport resistance (F [TL–1]), the following correlations are noted:

•	 On a repository scale, a DFN representation will be used in the transport calculations. The flow-
related transport resistances along flow paths in a DFN representation is calculated as:

∑ 





=

f fte

t
F

2 									         A6-4

where t is the advective travel time [T] in a fracture f along the flow path and et is the fracture trans-
port aperture [L]. The latter is in SDM-Site assumed to be correlated to the fracture transmissivity as:

et = a Tb										         A6-5

The values of the constants a and b used in SDM-Site are a = 0.705 and b = 0.404 /Hjerne et al. 
2010/. 

•	 On a site scale, the continuation of the DFN representation is upscaled to an ECPM finite-element 
representation, provided that the distance from the repository is still within the range of the hydro
geological DFN modelling of the six fracture domains. Outside the bounds of these fracture 
domains, an ECPM approach is employed. The hydraulic soil domain is modelled using a CPM 
approach. The flow-related transport resistances along flow paths in the ECPM and CPM finite-
element representations is calculated as:
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where ar is the fracture surface area per unit volume of rock (L–1), Δl (L) is a step distance along the 
flow path, e.g., through one finite-element, and q (LT–1) is the Darcy flux in the same finite-element.  
 
Within the range of the ECPM representation, the fracture surface area per unit volume of rock will 
be calculated as:

ar (x, y, z) = 2 P32, element (x, y, z)							       A6-7

That is, ar is treated as a stochastic quantity that varies in space in accordance to a particular realisation 
of the underlying hydrogeological DFN model. 
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A6.9	 Result of supplier’s data qualification
In the SDM-Site Laxemar work /Rhén et al. 2009/, calibrated Hydro-DFN models were developed 
for the different hydraulic rock domains. These Hydro-DFN models can be used as input data for 
DFN models used in the Comparative analysis, e.g. in the site scale models or as input to the upscaled 
blocks used in regional scale ECPM models.

As mentioned above, the upscaled hydrogeological DFN models based on the methodology used in 
SDM-Site Laxemar seem to overestimate the hydraulic properties of the rock of Laxemar. In order to 
improve the representation of the hydraulic properties of the hydraulic rock domains, an Elaborated 
hydrogeological DFN methodology was developed /Joyce et al. 2010/. The results from this improved 
concept are generally propagated to the Comparative analysis. 

In the Elaborated Hydro-DFN methodology, a set of ‘representative boreholes’ were chosen for 
each of the hydraulic rock domains HRD_C, HRD_W, and HRD_EW007. A criterion for choosing 
the representative boreholes was that they have a significant length in the relevant HRD. The fol-
lowing boreholes were modelled: KLX11A, KLX17A, and KLX19A in HRD_W; KLX03, KLX05, 
KLX15A, and KLX21B in HRD_C; and KLX07A and KLX08 in HRD_EW007.

The recommended hydrogeological DFN parameters, based on the Elaborated Hydro-DFN meth-
odology, to be used for HRD_C are tabulated in Table A6‑5. Table A6‑6 and Table A6‑7 show the 
parameters to be used for HRD_EW007 and HRD_W, respectively. 

The rock mass in the regional model, outside the defined four HRD’s mentioned above, is based 
on the material property assignments made in model version Laxemar 1.2 (summarised in /Rhén 
et al. 2009/) and assessments of similarities between regional HRD’s and the newly developed 
HRD’s inside the Laxemar local model volume. Table A6‑8 shows from which of the hydraulic 
rock domains HRD_C, HRD_EW007, HRD_N, and HRD_W data should be taken from.

Figure A6‑5. Meassured transmissivity values for flowing features in HRD_C, which is used as an example, 
detected by PFL in the borehole intervals outside of interpreted deterministic deformation zones. The red 
line represents the geometric mean over the boreholes and the dashed blue lines represent the spread 
between individual boreholes, i.e. the minimum and maximum values observed in the borehole. Based on 
Table 9-12 in /Rhén et al. 2008/.
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Table A6-5. Description of the Elaborated Hydro-DFN input parameters for HRD_C with fixed 
r0=0.038 m and intensity of open fractures based on OPO. Data are reproduced from Table E-1 in 
/Joyce et al. 2010/.

Depth interval 
(masl)

Set Orientation set pole: 
(trend, plunge), 
conc.

Fracture radius 
model 
power-law (kr, r0)

Intensity P32 
(m2/m3) of open 
fractures

Semi-correlated  
transmissivity model 
(a, b, σ)

–150 to 0 ENE (155.1,3.4), 9.6 (2.70, 0.038) 0.52  (2⋅10–7, 0.7, 0.4)
WNW (204,1.6), 12 (2.49, 0.038) 0.95 (2⋅10–7, 0.9, 0.6)
N-S (270.2,8.4), 7.8 (2.80, 0.038) 0.54 (8⋅10–8, 0.5, 0.4)
SubH (46.3,84.7), 12 (2.59, 0.038) 1.20 (6⋅10–8, 0.7, 0.5)

–400 to –150 ENE (155.1,3.4), 9.6 (3.00, 0.038) 0.47 (6⋅10–7, 0.7, 0.9)
WNW (204,1.6), 12 (2.44, 0.038) 0.55 (1⋅10–8, 0.5, 0.7)
N-S (270.2,8.4), 7.8 (2.91, 0.038) 0.63 (1⋅10–8, 0.7, 0.2)
SubH (46.3,84.7), 12 (2.87, 0.038) 0.71 (3.5⋅10–8, 1.2, 0.9)

–650 to –400 ENE (155.1,3.4), 9.6 (2.87, 0.038) 0.38 (8⋅10–8, 0.8, 0.6)
WNW (204,1.6), 12 (2.54, 0.038) 0.74 (3⋅10–9, 0.8, 0.6)
N-S (270.2,8.4), 7.8 (2.87, 0.038) 0.47 (6⋅10–9, 0.4, 0.4)
SubH (46.3,84.7), 12 (3.00, 0.038) 0.58 (2⋅10–7, 0.8, 0.7)

–1,000 to –650 ENE (155.1,3.4), 9.6 (2.96, 0.038) 0.46 (1⋅10–8, 0.7, 0.4)
WNW (204,1.6), 12 (3.00, 0.038) 0.73 (3⋅10–7, 0.7, 0.4)
N-S (270.2,8.4), 7.8 (3.00, 0.038) 0.25 (1⋅10–8, 0.7, 0.4)
SubH (46.3,84.7), 12 (2.97, 0.038) 0.35 (1⋅10–7, 0.7, 0.4)

Table A6-6. Description of the Elaborated Hydro-DFN input parameters for HRD_EW007 with fixed 
r0=0.038 m and intensity of open fractures based on OPO. Data are reproduced from Table E-2 in 
/Joyce et al. 2010/.

Depth interval 
(masl)

Set Orientation set pole: 
(trend, plunge), 
conc.

Fracture radius 
model 
power-law (kr, r0)

Intensity P32 
(m2/m3) of open 
fractures

Semi-correlated  
transmissivity model 
(a, b, σ)

–150 to 0 ENE (162.8,1.4), 10.7 (2.77, 0.038) 0.55 (3⋅10–8, 0.6, 0.4)
WNW (25.3,0.2), 16.4 (2.30, 0.050) 1.01 (3⋅10–8, 0.6, 0.3)
N-S (88.9,3.9), 8.8 (2.53, 0.038) 0.33 (1⋅10–7, 0.8, 0.3)
SubH (138.7,81.3), 9.7 (2.76, 0.038) 1.72 (2.3⋅10–7,0.8,0.5)

–400 to –150 ENE (162.8,1.4), 10.7 (2.83, 0.038) 0.60 (2⋅10–7, 0.6, 0.6)
WNW (25.3,0.2), 16.4 (2.41, 0.038) 1.15 (3⋅10–8, 0.6, 0.4)
N-S (88.9,3.9), 8.8 (2.60, 0.038) 0.54 (3⋅10–7,0.8, 0.4)
SubH (138.7,81.3), 9.7 (2.84, 0.038) 0.82 (5⋅10–8, 0.8, 0.4)

–650 to –400 ENE (162.8,1.4), 10.7 (2.93, 0.038) 0.69 (1⋅10–8, 0.5, 0.2)
WNW (25.3,0.2), 16.4 (2.62, 0.038) 1.43 (1.2⋅10–7, 0.3, 0.2)
N-S (88.9,3.9), 8.8 (3.00, 0.038) 0.64 (8⋅10–8, 0.4, 0.2)
SubH (138.7,81.3), 9.7 (2.99, 0.038) 0.92 (1.5⋅10–7, 0.7, 0.3)

–1,000 to –650 ENE (162.8,1.4), 10.7 (2.96, 0.038) 0.33 (1⋅10–8, 0.7, 0.4)
WNW (25.3,0.2), 16.4 (3.00, 0.038) 0.89 (3⋅10–7, 0.7, 0.4)
N-S (88.9,3.9), 8.8 (3.00, 0.038) 0.21 (1⋅10–8, 0.7, 0.4)
SubH (138.7,81.3), 9.7 (2.97, 0.038) 0.80 (1⋅10–7, 0.7, 0.4)



100	 TR-10-54

Table A6-7. Description of the Elaborated Hydro-DFN input parameters for HRD_W with fixed 
r0=0.038 m and intensity of open fractures based on OPO. Data are reproduced from Table E-3 in 
/Joyce et al. 2010/.

Depth interval 
(masl)

Set Orientation set pole: 
(trend, plunge), 
conc.

Fracture radius 
model 
power-law (kr, r0)

Intensity P32 
(m2/m3) of open 
fractures

Semi-correlated  
transmissivity model 
(a, b, σ)

–150 to 0 ENE (340.3,1.2), 15 (2.59, 0.038) 0.44 (2.1⋅10–8, 0.7, 0.6)

WNW (208.9,2.2), 10.9 (2.54, 0.038) 0.61 (7⋅10–8, 0.8, 1.0)

N-S (272.8,12), 11.5 (2.52, 0.038) 0.54 (4⋅10–8, 0.7, 0.8)

SubH (277.1,84.3), 11.1 (2.50, 0.038) 1.03 (8⋅10–8, 0.7, 0.7)

–400 to –150 ENE (340.3,1.2), 15 (2.54, 0.038) 0.28 (2.2⋅10–9, 0.5, 0.4)

WNW (208.9,2.2), 10.9 (2.65, 0.038) 0.38 (1.5⋅10–8, 0.5, 1.2)

N-S (272.8,12), 11.5 (3.00, 0.038) 0.40 (5⋅10–9, 0.4, 0.3)

SubH (277.1,84.3), 11.1 (2.72, 0.038) 0.50 (1.2⋅10–7, 0.7, 1.2)

–650 to –400 ENE (340.3,1.2), 15 (3.00, 0.038) 0.17 (3⋅10–9, 0.6, 0.4)

WNW (208.9,2.2), 10.9 (2.61, 0.038) 0.33 (1.5⋅10–8, 0.5, 0.3)

N-S (272.8,12), 11.5 (2.53, 0.038) 0.30 (5⋅10–8, 0.2, 0.2)

SubH (277.1,84.3), 11.1 (2.72, 0.038) 0.38 (2⋅10–7, 0.8, 0.8)

–1,000 to –650 ENE (155.1,3.4), 9.6 (3.00, 0.038) 0.12 (1⋅10–8, 0.7, 0.4)

WNW (208.9,2.2), 10.9 (3.00, 0.038) 0.09 (3⋅10–8, 0.7, 0.4)

N-S (272.8,12), 11.5 (2.53, 0.038) 0.14 (1⋅10–8, 0.7, 0.4)

SubH (277.1,84.3), 11.1 (3.00, 0.038) 0.65 (3⋅10–8, 0.7, 0.4)

Table A6-8. Hydraulic properties to be used for the rock mass volumes outside the rock domains 
HRD_C, HRD_EW007, HRD_N, and HRD_W /Rhén et al. 2008/. 

Regional hydraulic rock mass domain Suggested hydraulic properties based on hydrogeological DFN

HRD_A HRD_N
HRD_A2 HRD_N, but rock below –650 masl is the same as –400 to –650 masl 
HRD_D-E-M HRD_C
HRD_B-C HRD_C
HRD_F-G HRD_N, 10 times higher T
HRD_P HRD_N
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A6.10	 Data recommended for use in the Comparative analysis 
The Hydrogeological base case is based on the SDM-Site parameterisation /Joyce et al. 2010/. 
However, it is recommended that the model parameterisations for the Elaborated hydrogeological 
DFN concept /Joyce et al. 2010/ should be used to the greatest extent possible in the modelling of 
groundwater flow. Hence, the data presented in Table A6‑5 to Table A6‑8 are recommended for use 
in the Comparative analysis. 

It is noted that for the particular case of hydrogeochemical modelling for the temperate 
domain, which uses results from the hydrogeological modelling as input (cf. Chapter A1), the 
Hydrogeological base case has been propagated.

Clearly, for the model application of the glacial period, a model domain much larger than the SDM 
model is needed, and here the recommendation is to follow the approach outlined above, i.e. an 
extrapolation of the ECPM properties into the larger domain is utilised.

Furthermore, it is recommended that discrete hydrogeological DFN models should be utilised at 
as large scales as possible within the Comparative analysis application. Only at scales larger than 
computationally feasible for the discrete DFN approach, or at scales for which a DFN parameterisa-
tion does not exist, should continuum representations be used.

The parameters provided are judged representative for both present day and future conditions except 
for the period when permafrost conditions prevail.
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A7	 Flow related migration properties
Several of the parameters controlling radionuclide transport are related to the amount and distribu-
tion of groundwater flow. The values of these flow related migration parameters are essentially 
obtained by numerical simulation of groundwater flow using the hydrogeological models described in 
Chapter A6. Hence, before reading this appendix it is recommended to read Chapter A6, and possibly 
also Section 6.6 of the SR-Site Data report /SKB, 2010a/, where many issues of relevance for this 
present text are detailed. 

A corresponding text for the Forsmark site is found in Section 6.7 of the SR-Site Data report. 

A7.1	 Modelling as input to the Comparative analysis of safety related site 
characteristics

This section describes what data are expected from the supplier, and in what modelling activities the 
data are to be used. 

Defining the data requested from the supplier
In radionuclide transport modelling, transport from the canister in the nearfield is assumed to occur 
along three release paths. These are the Q1 path, with transport in a fracture intersecting the deposi-
tion hole; the Q2 path, with transport in the excavation damaged zone (EDZ); and the Q3 path, with 
transport in the deposition tunnel to an intersecting fracture (cf. Figure 9-16 of SR-Can Main report 
/SKB 2006a/). There are thus three release paths from the nearfield into the farfield of the geosphere; 
it is the farfield parameters that are dealt with in this appendix. 

The following flow-related migration parameters are requested for each deposition hole location 
within the repository:

•	 Darcy flux q (m/yr) for the Q1, Q2, and Q3 release paths. Also equivalent flow rates Qeq (m3/year) 
corresponding to the Q1, Q2, and Q3 release paths (Qeq1, Qeq2, and Qeq3) are needed, which in 
turn are related to the groundwater flow rates for the Q1, Q2, and Q3 release paths. The Darcy 
fluxes and flow rates are calculated in fractures intersecting the deposition holes, in the EDZ 
in the tunnel floor adjacent to the deposition holes, and in fractures intersecting the deposition 
tunnel for the Q1, Q2, and Q3 release paths, respectively. The relation between flow rate, Darcy 
flux and equivalent flow rate for the Q1, Q2, and Q3 release paths are detailed in Chapter 3.2.6 
and Appendix D of /Joyce et al. 2010/.

•	 Recharge and discharge coordinates in the biosphere along flow paths from the Q1, Q2, and Q3 
release paths. 

•	 Advective travel time tw (yr) along flow paths to the recharge and discharge locations for the Q1, 
Q2, and Q3 release paths. 

•	 Flow related transport resistance F (yr/m) along flow paths to the recharge and discharge locations 
for the Q1, Q2, and Q3 release paths.

In addition the following parameters, which are not related to the paths, should be supplied: 

•	 Measures of longitudinal dispersion Pe (–).

•	 Maximum penetration depth for solute diffusion into the rock matrix LD (m), in case the fracture 
spacing is limiting (as opposed to the connectivity of the microporous system discussed in 
Chapter A8).

Comparative analysis models in which data will be used 
The flow related migration parameters described in this appendix are used in radionuclide transport 
calculations. These calculations are performed using different computer codes for the nearfield 
and farfield, respectively. The nearfield code is COMP23/Compulink /Romero et al. 1999, Cliffe 
and Kelly 2006, Vahlund and Hermansson 2006/, and for the farfield the code FARF31 /Norman 
and Kjellbert 1990, Elert et al. 2004/ is used. The codes use the following flow related migration 
parameters:
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COMP23:

•	 Equivalent flow rates Qeq1, Qeq2, and Qeq3 for three possible release paths Q1, Q2, and Q3. The 
equivalent flow rates are obtained based on the calculated flow rates in the groundwater flow 
models described in /Joyce et al. 2010/.

FARF31:

•	 Flow related transport resistance F.

•	 Advective travel time tw.

•	 Peclet number Pe.

•	 Maximum penetration depth LD into the matrix if a finite matrix is considered.

Biosphere assessment:

•	 Coordinates (x, y, z) at the end of each flow path connecting canister positions with exit locations. 

The flow-related transport resistance and advective travel time are integrated parameters along flow 
paths obtained through particle tracking in the flow models described in Chapter A6. Particles are 
released at each of the locations corresponding to the Q1, Q2, and Q3 release paths, see above.

 
A7.2	 Supplier input on use of data in Comparative analysis 
The flow related migration properties are results of the groundwater flow simulations presented in 
Chapter A6. Thus, all data pertinent for defining the groundwater flow simulations are also relevant 
for the results presented in this appendix. As stated in Section A6.2, hydrogeological modelling shows 
that the groundwater flow rates in deformation zones and background fractures at depth are higher in 
Laxemar than in Forsmark. This is of consequence for subsequent radionuclide transport modelling 
using data from this present appendix.

 
A7.3	 Sources of information and documentation of data qualification
Sources of information
All the data presented in this appendix result from the groundwater flow simulations. The sources of 
information and data qualification of the data needed for these simulations are described in detail in 
Chapter A6 and in the individual modelling reports /Joyce et al. 2010/ and /Vidstrand et al. 2010/. 

The simulations done are performed as two separate studies, one for the temperate period /Joyce 
et al. 2010/, and one for the periglacial and glacial period /Vidstrand et al. 2010/. Full references are 
given in Table A7‑1. These reports summarise the different cases modelled and the justification of 
these cases.

Table A7-1. Main sources of information used in data qualification.

Joyce S, Simpson T, Hartley L, Applegate D, Hoek J, Jackson P, Roberts D, Swan D, Gylling B, Marsic N, 
Rhén I, 2010. Groundwater flow modelling of periods with temperate climate conditions – Laxemar. SKB R-09-24, 
Svensk Kärnbränslehantering AB.
Vidstrand P, Rhén I, Zugec N, 2010. Groundwater flow modelling of periods with periglacial and glacial climate conditions 
– Laxemar. SKB R-09-25, Svensk Kärnbränslehantering AB.

The Excavation and Operation period is hydrogeologically analysed in /Svensson and Rhén 2010/; 
this report is not further discussed in the present context since that analysis does not produce flow 
related migration data for use in subsequent assessment calculations. 
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Categorising data sets as qualified or supporting data 
In this document the hydrogeological subject area is divided on the two Chapters A6 and A7. This 
present appendix gives results from the hydrogeological modelling of Laxemar in the Comparative 
analysis, whereas Chapter A6 supplies the most important inputs to such modelling (although other 
inputs are also needed). Because of this, a deliberate deviation from the instruction given in Section 2.3.4 
of the SR-Site Data report /SKB 2010a/ is made, and no sorting of input data as qualified or supporting is 
made in this section. What could be said in general concerning input data to hydrogeological modelling is 
the following: 

The data sets used as input to the groundwater flow simulations are detailed in the individual reports 
referenced in Table A7‑1. The main data set is related to the parameterisation of the hydrogeological 
discrete fracture network model detailed in Chapter A6. Additional data sets needed for the hydro-
geological modelling, e.g. parameterisation of hydraulic conductor domains (deformation zones) and 
hydrogeological soil domains (regolith), as well as formulation of initial and boundary conditions for 
both flow and transport of salt and reference waters, are summarised in /Rhén and Hartley 2009/.

Excluded data previously considered as important
No such data have been excluded but the considerations given in Section A6.3 apply.

A7.4	 Conditions for which data are supplied
Data are supplied for temperate period conditions, and for different combinations of periglacial 
(permafrost) and glacial period conditions, respectively. For the glacial period, also submerged 
conditions are included. The temperate period is modelled as a continuation of today’s conditions 
including the future shoreline displacement process and projected changes in salinity in the Baltic 
Sea. The present conditions are described in detail in the bedrock hydrogeology report of SDM-Site 
Laxemar /Rhén and Hartley 2009/. The periglacial and glacial periods are more hypothetical; rather 
than trying to predict the future evolution, the models have been set up to bound the hydrogeological 
consequences associated with these climatic conditions. The future evolution of the climate is 
described the SR-Can Climate report /SKB 2006b/ and in Chapter 3 of this present report.

In the model of temperate conditions /Joyce et al. 2010/, the repository is explicitly included in the 
model. The repository description includes deposition holes, deposition tunnels, transport and main 
tunnels, as well as the central area including ramp and shafts. Also the excavated damaged zone 
(EDZ) is included. All tunnels are assumed to be backfilled. In the model of periglacial and glacial 
periods /Vidstrand et al. 2010/, the repository is not included. This is justified by the much larger 
scale (super-regional) considered in these simulations. 

Conditions in terms of geological and other settings governing the hydrogeological data are further 
described in Section A6.4 and in /Rhén and Hartley 2009/.

A7.5	 Conceptual uncertainty
The conceptual uncertainties associated with the hydrogeological modelling are summarised in 
Section A6.5. 

A few uncertainties with specific relevance for the flow-related transport properties are highlighted 
here. First, it is noted that the advective travel time and flow related transport resistance are calculated 
along flow paths in steady-state velocity fields, i.e. a snapshot-in-time approach is used. Clearly, 
different results would be obtained in transient flow fields, but the resulting uncertainty is judged 
small given that steady-state flow fields bounding the transient evolution are used.

Second, the combination of model scales within the hydrogeological applications as detailed in /Selroos 
and Follin 2010/ implies an uncertainty in some cases. This applies to the Comparative analysis as well. 
Models in ConnectFlow may be combined in two ways: First, models can be embedded in each other 
in which case they are formally nested such that the whole flow system is solved simultaneously using 
constraint equations on the model interfaces, resulting in continuity of both pressure and velocity over 
the interfaces. Second, models may be solved separately using boundary conditions from the larger 
scale model on the boundaries of the smaller scale model. In this case, velocities are not necessarily 
continuous, and particles are manually moved from the smaller scale model to the larger scale model at 
the boundary. This implies an uncertainty in the flow path characteristics. 
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An uncertainty stems also from the fact that individual fractures in the hydrogeological DFN model 
are modelled as homogeneous, whereas in reality there is some spatial variation of the aperture field 
within each fracture. In SR-Can, this uncertainty was dealt with by reducing all calculated flow related 
transport resistance values F by a factor of ten. In the Comparative analysis, the F values are left 
unmodified based on arguments compiled in SR-Site Radionuclide transport report /SKB 2010b/. 
In short, it is argued that aperture variability, leading to channelised flow, creates the possibility for 
more interaction with the matrix through diffusion processes. This is due to the formation of stagnant 
(immobile) water in the fracture plane between the channels. Solutes may easily diffuse from the 
mobile channels to the immobile fracture water, and subsequently into the rock matrix.

Finally, the assumed relationship between fracture transmissivity and aperture will affect the calcu-
lated advective travel times. However, the uncertainty is considered small; moreover, the advective 
travel times do not have a strong influence on subsequently calculated entities within the compliance 
calculations.

 
A7.6	 Data uncertainty due to precision, bias, and representativity
Since the temperate period model resolves fractures at smaller scales and also has an explicit repre-
sentation of the repository structures relative to the glacial period model, one may argue that a higher 
degree of precision is present in the former model. There is thus a relative difference in precision 
between the two models. 

Since the super-regional periglacial/glacial model is set up to bound hydrogeological consequences 
for periglacial/glacial climate conditions rather than to provide a detailed prediction of the future, 
the results (performance measures) of these analyses are biased towards pessimism relative to the 
temperate period results.

There may be judged to be differences between the different performance measures concerning 
precision (accuracy) and bias in results. The two flow measures Darcy flux q and equivalent flow 
rate Qeq depend primarily on the permeability and connectivity of the fractures system and applied 
boundary conditions. The accuracy of these measures is thus as good as the underlying description 
of the bedrock and knowledge of boundary conditions. When it comes to advective travel time, 
tw, additional assumptions need to be made concerning porosity and/or transport aperture, both of 
which are highly uncertain entities. Hence, the advective travel time is associated with much more 
uncertainty than the flow measures. The flow-related transport resistance F also requires additional 
assumptions concerning the flow-wetted surface along the flow path. This entity can be estimated 
with greater certainty than the aperture or porosity, but is still subject to great uncertainty. However, 
in an explicit discrete fracture network model, the flow-wetted surface is explicitly defined through 
the network properties, and thus the uncertainty in flow-wetted surface is given by the uncertainty in 
the discrete fracture network model, see Chapter A6. The resulting uncertainty in F is judged to be 
greater than the uncertainty in q or Qeq, but smaller than in tw. 

The provided values on Peclet number, and maximum penetration depth do not originate from the 
modelling described above, but are based on judgement and underlying data. The uncertainty can be 
judged minor for Peclet number; also, the chosen values of these parameters generally have a small 
effect on calculated radionuclide transport characteristics. The uncertainty in maximum penetration 
depth is related to the uncertainty in fracture frequency, and is thus smaller than other uncertainties 
discussed here.

It is not possible to provide detailed quantitative measures of the uncertainties listed above (combina-
tion of conceptual, precision, bias, and representativity). However, it is judged that the greatest 
uncertainty is associated with the periglacial/glacial model, followed by the uncertainty discussed in 
relation to the performance measures of the temperate model, and finally followed by the uncertainties 
associated with Peclet number and maximum penetration depth. For the temperate period calculations, 
uncertainties are handled by performing two realisations based on the Elaborated Hydro-DFN model, 
which probably are too few realisations to properly address the uncertainty. However, the cumulative 
distributions of the performance measures are relatively similar for the performed realisations (see 
Figure A7‑1 in Section A7.9), and because of this only one of the realisations based on the Elaborated 
Hydro-DFN model is propagated. The uncertainties related to Peclet number and maximum penetration 
depth are so small that no variants are deemed necessary to propagate. 
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A7.7	 Spatial and temporal variability of data
Spatial variability of data
The calculated Darcy fluxes are point values in space; one point (three points, if a distinction is made 
between release paths Q1, Q2, and Q3) for each canister deposition hole position is considered. 
Depending on the underlying variability of the hydraulic properties and the boundary conditions for 
the assumed flow, the Darcy fluxes will display a variation.

The advective travel time and flow-related transport resistance are Lagrangian quantities integrated 
along flow paths within the FARF31 application. The integration implies an averaging; i.e. the order 
between high and low values along the path does not matter as long as the cumulative result is the 
same. However, it is noted that the integrated values obtained at the end of each flow path will vary 
between flow paths even though averaging takes place. Specifically, there tends to be large variabil-
ity in tw and F values due to the varying nature of the flow path distribution; i.e. some flow paths are 
short and primarily located in high permeability features such as deformation zones, whereas other 
flow paths are long and characterised by low permeability conditions. 

In Table A7‑2, statistics of the Darcy flux and flow related transport resistance are exemplified in 
tabulated form for the central case of the Comparative analysis for the temperate period at 2000 AD. 
Hence, the table is based on the Elaborated Hydro-DFN case with stochastic fractures but homoge-
neous deformation zones (including a depth trend). The table thus reflect a single realisation. There 
is some variability in the entities in Table A7‑2 between realisations (not shown in table), indicating 
that the spatial variability results in uncertainty. Two realisations are considered within the temperate 
period only; within the periglacial/glacial period, the conceptual uncertainties are judged to dominate 
over the uncertainty implied by spatial variability.

Table A7-2. Resulting statistics of Darcy flux at deposition hole locations, and flow-related 
transport resistance F for the temperate period at 2000 AD for the three release paths Q1, Q2, and 
Q3 of the Elaborated Hydro-DFN case. Fraction of particles in the last row indicates the fraction 
of released particles discharging at the top surface of the model; the statistics for F in the table 
are based on this fraction.

Log(q[m/y]), Log(F[y/m]) q (Q1) q (Q2) q Q(3) F (Q1) F (Q2) F (Q3)

Mean –2.94·100 –1.67·100 –4.67·100 5.29·100 5.22·100 5.23·100

Median –2.91·100 –1.64·100 –4.69·100 5.29·100 5.23·100 5.25·100

5th percentile –4.63·100 –2.62·100 –5.77·100 3.96·100 3.88·100 3.92·100

10th percentile –4.20·100 –2.38·100 –5.52·100 4.25·100 4.20·100 4.23·100

25th percentile –3.58·100 –2.02·100 –5.12·100 4.73·100 4.68·100 4.71·100

75th percentile –2.64·100 –1.30·100 –4.24·100 5.82·100 5.76·100 5.76·100

90th percentile –1.70·100 –9.93·10–01 –3.79·100 6.32·100 6.21·100 6.22·100

95th percentile –1.34·100 –8.05·10–01 –3.52·100 6.59·100 6.49·100 6.49·100

Std deviation 1.01·100 5.51·10–01 6.98·10–01 8.05·10–01 7.90·10–01 7.74·10–01

Variance 1.02·100 3.03·10–01 4.88·10–01 6.48·10–01 6.24·10–01 5.99·10–01

Max value –4.05·10–01 –7.54·10–01 –5.52·10–01 8.13·100 8.02·100 7.75·100

Min value –7.20·100 –3.75·100 –7.01·100 2.38·100 2.52·100 2.53·100

Fraction of particles 0.706 0.996 1.000 0.604 0.856 0.848

The advective travel time is generally strongly correlated to the flow related transport resistance. 
Also, the equivalent flow rate is directly related to the Darcy flux, so the results shown in Table A7‑2 
provide a good overview of the characteristics of the different cases. 

A Peclet number is provided as an effective value for the whole model domain; hence judgement 
concerning the spatial variability is not relevant. Maximum penetration depth depends on average frac-
ture spacing, see Section A7.9 for details. The fracture spacing clearly varies in space; specifically 
the fracture frequency tends to decrease with depth. However, for the modelling in the Comparative 
analysis, a single value of maximum penetration depth representative for the rock volume between 
–400 and –650 m depths is chosen.
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Temporal variability of data
Temporal variability is handled by using different model set-ups for the different climate domains, 
i.e. temperate and periglacial/glacial, respectively, and also by representing a time evolution within 
the different climate domains. 

In the temperate domain modelling, the triplets (Darcy flux or equivalent flow rate, advective travel 
time, and flow related transport resistance) are calculated at snapshots-in-time. The chosen snapshots 
are 2000 BC, 2000 AD, 5000 AD and 15,000 AD. The differences in calculated triplets are due to 
the fact that the snapshots-in-time are characterised by different shoreline positions. There is very 
little variation in any of the performance measures in the rock with release time. This is because the 
particle pathways are dominated by the deformation zones rather than the location of the retreating 
shoreline. 

During the glacial period, both higher and lower flow conditions are experienced. When the ice front 
is in close proximity to the repository (located right above the repository), Darcy fluxes are high and 
advective travel times and flow related transport resistance values are low. However, these conditions 
only last for a short time period. Conversely, when the site is completely ice covered, Darcy fluxes are 
lower and advective travel times and flow related transport resistance values are higher, as compared 
to the temperate period. This time period may last for tens of thousands of years (cf. Chapter 3). Also 
the period with submerged conditions, when the ice sheet has retreated, is characterised by lower Darcy 
fluxes than during the temperate period. The periglacial/glacial simulations are described in detail in 
/Vidstrand et al. 2010/. 

A7.8	 Correlations 
There is no correlation related to these data that needs to be propagated to subsequent modelling.

 
A7.9	 Result of supplier’s data qualification
Below, references are made to the resulting triplets for the different cases considered within the tem-
perate, periglacial, and glacial period simulations. Within each period, the importance of the cases 
for subsequent assessment calculations is discussed. 

At the end of the section, the suggested Peclet number and maximum penetration depth are presented.

Temperate period 
In Table A7‑3 the temperate period cases analysed in /Joyce et al. 2010/ that result in input for the 
radionuclide transport models are listed. Furthermore, references are made to where tabulated results 
can be found for each case.

Table A7-3. Modelling cases and references to tabulated results.
Tabulated results are stored in SKBdoc 1263831 (access might be given on request).

Hydrogeological modelling case

Hydrogeological Base Case
Elaborated Hydro-DFN case
Elaborated Hydro-DFN case with no MDZs
Stochastic continuum case

For each modelling case, a data file is delivered for each Q1, Q2, and Q3 release path. Table A7‑4 shows 
an excerpt of such a data file, displaying four out of 8,031 rows (one row for each deposition hole).

The so-called Hydrogeological Base Case is a representation of site conditions based on the 
understanding as expressed in the SDM-Site model /Rhén et al. 2009/. It is here argued that the 
Elaborated Hydro-DFN Case, implemented in /Joyce et al. 2010/, is the central case to propagate 
to Comparative analysis calculations. It is the case that best represents perceived site conditions. 
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It is noted that also a stochastic continuum case is presented in /Joyce et al. 2010/. This case is not 
recommended for further use in the Comparative analysis since measurable site characteristics are 
believed to be less well represented in this case relative to the DFN model applications. Also, tails in 
resulting performance measure distributions are believed to be less well quantified in the continuum 
representation. 

In Figure A7‑1, cumulative distribution functions of the Darcy flux, advective travel time, and flow 
related transport resistance for a snapshots-in-time are exemplified.

Periglacial and glacial period 
In Table A7‑5 the periglacial and glacial period cases analysed in /Vidstrand et al. 2010/ are listed. 
Furthermore, references are made to where tabulated results can be found for each case.

The variant with a North-South ice profile direction addresses the uncertainty in ice direction, (see 
/Vidstrand et al. 2010/ for details). 

In addition to the cases listed in Table A7‑5, results can be extracted for a case with permafrost but 
no ice (i.e. permafrost has developed but the ice sheet has not yet arrived), and for a submerged 
case (i.e. when the ice sheet has completely retreated and the site is covered by a sea). Results for 
these two cases are contained within the glacial case without permafrost for the submerged case, and 
within results for the glacial case with permafrost for the permafrost only case. The set-up of these 
modelling cases is described in more detail in /Vidstrand et al. 2010/. It is noted that the glacial case 
without permafrost and glacial cases with permafrost together constitute a base case; i.e. during glacial 
advance permafrost and an ice sheet exist together, while during retreat no permafrost is present and 
the glacier is warm based. 

Table A7-4. Excerpt from resulting data file from hydrogeological modelling of release path Q1 
for the Elaborated Hydro-DFN case. Four out of 8,031 rows are displayed. The resulting data files 
also feature other columns than shown in the excerpt, with data not specifically requested in this 
present appendix.

POINT XS YS ZS XE YE ZE OKFLAG

1 1549759.56 6366770.40 –509.72 1550329.88 6366047.99 0.65 0

2 1549752.87 6366776.43 –512.14 1550489.71 6366322.04 –1.01 0

3 1549745.48 6366781.71 –514.16 1550434.64 6366169.93 1.30 0

4 1549737.58 6366788.55 –510.15 1550489.38 6366319.01 –1.03 0

POINT T0 U0 QEQ TW F L

1 2.00·103 4.62·10–02 4.28·10–03 9.44·100 1.43·104 1.38·103

2 2.00·103 5.54·10–02 1.23·10–02 3.98·100 5.20·103 1.36·103

3 2.00·103 7.89·10–03 3.20·10–03 6.14·100 5.84·103 1.21·103

4 2.00·103 1.88·10–02 1.95·10–03 1.20·101 1.59·104 1.40·103

Point indicates path number
XS, YS and ZS are coordinates for start of flow path
XE, YE and ZE are coordinates for exit location
OKFLAG indicates whether or not a particle reached the model boundary
T0 is release time
U0 is Darcy flux (m/yr) for Q1 and Q2; UR is used for Q3 (not shown in this excerpt)
QEQ is the equivalent flow rate for Q1 and Q2; QEQR is used for Q3 (not shown in this excerpt)
TW is the advective travel time in the rock, i.e. in the DFN (yr) 
F is the flow related transport resistance for the rock, i.e. in the DFN (yr/m) 
L is the path length in the rock, i.e. in the DFN (m)
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Table A7-5. Modelling cases and references to tabulated results.
Tabulated results are stored in SKBdoc 1263831 (access might be given on request).

Hydrogeological modelling case

Glacial case without permafrost  
Glacial case without permafrost and North-South ice profile
Glacial case with permafrost – 2 km permafrost tongue.

Figure A7‑1. Cumulative distribution function plots of Darcy flux q (denoted Ur in figure caption,) tw, and 
F (denoted tr, and Fr in figure captions to indicate that tw and F are calculated in the bedrock described as 
a DFN only) in the hydrogeological base case and the Elaborated Hydro-DFN case, including one addi-
tional realisation of each, for the Q1 particles successfully reaching the model top boundary (60%–69%) 
released at 2000 AD. Reproduced from Figures 6-23 through 6-25 in /Joyce et al. 2010/.

The glacial case without permafrost, with an ice front location above the repository, yields the 
most unfavourable results. For the other ice front locations, the results are much more favourable. 
Figure A7‑2 shows the normalised Darcy flux calculated in the super-regional model for the glacial 
case without permafrost in a few observation points at repository depth during a glacial advance 
and retreat. Values are normalised to the flux value for temperate conditions. It is clearly seen that 
high groundwater flow conditions are experienced during the two ice front passages, while during 
ice coverage the Darcy flux in most observation locations are comparative to the corresponding 
temperate value.

The alternative cases considered, i.e. the North-South ice profile, do not provide substantially different 
results and are not suggested to be propagated.
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In Figure A7‑3, the median as well as maximum and minimum Darcy flux values representing the 
full set of deposition hole locations are shown as obtained in /Vidstrand et al. 2010/. The results 
indicate that the situation with permafrost only, i.e. the period before onset of the glacial advance, 
and the glacial maximum case, i.e. when the site is fully covered by an ice sheet, provides slightly 
less favourable conditions than the temperate case. The Glacial case without permafrost provides 
the highest fluxes, while the cases with combined permafrost and ice sheet provide somewhat more 
favourable conditions than the pure glacial case. The submerged case provides more favourable 
conditions than the temperate case.

Peclet number and maximum penetration depth
The Peclet number /Norman and Kjellbert 1990/ which relates to the relative importance of advective 
versus dispersive transport mechanisms along the individual flow paths, through a dimensionless 
ratio, has not been further addressed since the SR-Can safety assessment. The central value recom-
mended in SR-Can, which is 10, is recommended for use as a single point value in the Comparative 
analysis. The justification is twofold:

•	 Large scale dispersion is handled through multiple flow paths in the groundwater flow models. 
Longitudinal dispersion along individual flow paths has a minor effect on breakthrough 
characteristics. Field evidence from tracer tests suggests that the dispersion length typically is 
10 percent of the distance of a tracer test; this yields a Peclet number of 10. 

•	 Since dispersion is more of a model concept than a strict process, it is hard to justify shapes of 
distributions.

Concerning the maximum penetration depth, the matrix pore space is connected over all distances of 
interest within the assessment (cf. Chapter A8). Thus, the maximum penetration depth is given by the 
average fracture spacing. This is reported in the site-descriptive model /Rhén et al. 2008, Table 9-13/ 
and is approximately 9 m for the rock in the depth interval (depth zone 3) –400 m to –650 m in fracture 
domain HRD_C. The maximum penetration depth is half the fracture spacing, i.e. 4.5 m. It is sug-
gested that this value is used as a deterministic value in the Comparative analysis

 

Figure A7‑2. Change in Darcy flux ratio, (q/qtemp) during a cycle of approximately 18ka. Between the two 
ice front passages, the model domain is completely covered by ice. The time scale represents the model 
simulation time rather than calendar time. Figure from /Vidstrand et al. 2010/. 
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A7.10	 Data recommended for use in the Comparative analysis
It is recommended that the following cases, out of those tabulated in Table A7‑3 and Table A7‑5, are 
propagated to the Comparative analysis.

•	 Temperate period: Elaborated Hydro-DFN Case.

•	 Periglacial and Glacial period: Glacial case without permafrost.

References to data files providing Qeq, F, tw, and q are given in Table A7‑3 and Table A7‑5. 
Furthermore, the Peclet number and maximum penetration depth recommended for use in the 
Comparative analysis are listed in Table A7‑6. 

Table A7-6. Data recommended for use in SR-Site.

Parameter Recommended data

Peclet number, Pe (–) 10
Maximum penetration depth, LD (m) 4.5

Figure A7‑3. Estimated Darcy fluxes for the main climate situations considered in a full glacial cycle. 
Minimum, maximum, and median values based on all deposition holes are shown for each situation.
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A8	 Non-flow related migration properties
Migration of solutes through fractured rock depends on several parameters. The data handled in this 
appendix, concerning the effective diffusivity, diffusion available porosity, and sorption partitioning 
coefficient, are related to the rock matrix properties themselves. These data are site specific, depend-
ing on the geological settings and groundwater composition. 

Other parameters of importance for solute transport are closely related to the groundwater flow, i.e. 
are “flow related”, and are discussed in Chapter A7.

A corresponding text for the Forsmark site is found in Section 6.8 of the SR-Site Data report /SKB 
2010a/. We have chosen not to repeat aspects and methodologies that are general for both sites, but 
instead to refer to the corresponding Forsmark text. Therefore, we strongly recommend the reader to 
first examine Section 6.8 of the SR-Site Data report, and thereafter read this present text. 

 
A8.1	 Modelling as input to the Comparative analysis of safety related site 

characteristics
This section describes what data are expected from the supplier, and in what modelling activity the data 
are to be used. 

Defining the data requested from the supplier
The following data should be delivered by the supplier:

•	 The diffusion available porosity ε (–), also commonly referred to as the porosity, for the undisturbed 
rock matrix. Different species may experience different diffusion available porosity. When neces-
sary, different porosities should be delivered for different rock volumes, judged as appropriate by 
the supplier. 

•	 The effective diffusivity De (m2/s) for radioelements of the selected inventory. The De should 
represent the undisturbed rock matrix. In estimating the effective diffusivity, it may be necessary 
to discuss the formation factor Ff (–). When necessary, different effective diffusivities should be 
delivered for different rock volumes, judged as appropriate by the supplier.

•	 The scale on which the porous system is connected L (m), thus allowing for matrix diffusion. 

•	 The sorption partitioning coefficient Kd (m3/kg) for the radioelements of the selected inventory. 
The uncertainty estimate of Kd data should encompass the underlying uncertainties in groundwa-
ter compositions that are likely to be encountered (cf. Chapter A1). When possible and necessary, 
different Kd data should be delivered for different rock volumes, judged as appropriate by the 
supplier.

The radioelements of the selected inventory, for which transport parameters are required, are: H 
(assumed as HTO), C (inorganic and organic compounds), Cl, Ni, Se, Sr, Zr, Nb, Mo, Tc, Pd, Ag, 
Cd, Sn, I, Cs, Sm, Eu, Ho, Pb, Ra, Ac, Th, Pa, U, Np, Pu, Am, and Cm (cf. the SR-Site Data report 
/SKB 2010a, Section 2.2/).

Modelling activities in which data will be used
Migration of dissolved radionuclides in the rock matrix occurs predominantly by diffusive transport, 
which is modelled by using Fick’s laws. The diffusive transport will occur in the porewater that satu-
rates the microporous system of rock at depth. Species will also, to different degrees, interact with 
the mineral surfaces surrounding the microporous system. Sorption of radionuclides in the far-field 
is modelled using a linear relation (justified by a low radionuclide concentration and equilibrium) 
between sorbed species and solute concentrations. The proportionality coefficient is the sorption 
partitioning coefficient Kd.

Radionuclide migration through the far-field is in the Comparative analysis modelled analytically 
or by the transport simulation code FARF31 /Norman and Kjellbert 1990/. The general approach 
taken when modelling radionuclide transport in the far-field is described in the SR-Site Radionuclide 
transport report /SKB 2010b/. This approach is also valid for the Comparative analysis, although the 
scope of the Comparative analysis is limited. 
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A8.2	 Supplier input on use of data in the Comparative analysis
The data supplied in this appendix depend on the properties of the rock matrix, and on the chemical 
composition of the groundwater and rock matrix porewater. In the context of non-flow related migra-
tion properties, the rock matrix at the two sites is very similar. In addition, the groundwater composi-
tions at the sites share similar characteristics, where the variations during the glacial cycle are so large 
that it overshadows present day differences in groundwater compositions. As a result, the data supplied 
for Laxemar are similar to those recommended for Forsmark. There is no indication of differences in 
data that would be of major importance for the site selection. 

In SR-Site Data report /SKB 2010a, Section 6.8/, the qualification process of non-flow related 
migration properties for Forsmark is detailed. The same considerations apply for Laxemar data, 
unless explicitly stated. 

 
A8.3	 Sources of information and documentation of data qualification
Sources of information 
Laboratory porosity data from the Laxemar site investigation are compiled in the SDM-Site report 
/Crawford and Sidborn 2009/. A way to transfer laboratory to in situ porosities is given in the SR-Site 
Data report /SKB 2010a, Section 6.8/. Apparent in situ formation factors from four boreholes in 
Laxemar are presented in /Löfgren 2007/. A way to transfer apparent formation factors to formation 
factors is given in the SR-Site Data report. In addition, a way to correct the De data for anion exclusion 
is given in the SR-Site Data report. Kd data, also for Laxemar, are compiled in a dedicated SR-Site 
report /Crawford 2010/. The above mentioned publications are listed in Table A8-1.

Table A8-1. Main sources of information used in data qualification.

Crawford J, Sidborn M, 2009. Bedrock transport properties Laxemar. Site descriptive modelling, SDM-Site Laxemar. 
SKB R-08-94, Svensk Kärnbränslehantering AB.
SKB, 2010a. Data report for the safety assessment SR-Site. SKB TR-10-52, Svensk Kärnbränslehantering AB.
Löfgren M, 2007. Oskarshamn site investigation. Formation factor logging in situ by electrical methods in KLX07A, 
KLX08, KLX10 and KLX12A. SKB P-06-288, Svensk Kärnbränslehantering AB.
Crawford J, 2010. Bedrock Kd data and uncertainty assessment for application in SR-Site geosphere transport 
calculations. SKB R-10-48, Svensk Kärnbränslehantering AB.

Categorising data sets as qualified or supporting data 
The most important data sets used in qualifying the diffusion available porosity, effective diffusivity, 
and sorption partitioning coefficient are listed in Table A8-2. For the porosity and effective diffusivity 
the data originates from the Laxemar site investigation, but may have been modified in the Laxemar 
site-descriptive modelling or in this present text. The recommended Kd data represent a mix of data 
obtained during the site investigations at Forsmark and Laxemar, as well as data obtained from lit-
erature sources deemed of sufficient quality. These data are compiled in /Crawford 2010/. Comments 
on the sorting of these data sets are given in the table.
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Excluded data previously considered as important
The same considerations apply as given in the corresponding section in the SR-Site Data report. 
There is no additional consideration for Laxemar data. 

A8.4	 Conditions for which data are supplied
Generally, the same considerations apply as given in the corresponding section in the SR-Site Data 
report, where the following conditions are discussed: 

•	 Rock type and degree of alteration/disturbance.
•	 Groundwater composition.
•	 In-situ temperature.
•	 In-situ stress.

Concerning these conditions, the sites differ as following. 

•	 The common rock types at the Laxemar site have, on average, a somewhat larger CEC (cation 
exchange capacity) than those at Forsmark. This affects the Kd of certain radioelements. 

The rock mass at the Laxemar site has a higher frequency of open fractures than at Forsmark. 
Therefore, it is likely that a larger portion of the rock mass is affected by water-bearing fractures, 
and that the alteration is greater. However, as data are required for the unaltered rock mass, this 
should not affect the data. The fracturing and alteration may, however, give rise to slightly larger 
data uncertainty. 

•	 The groundwater compositions at Laxemar and Forsmark at repository depth are similar, in the 
context of how they affect non-flow related migration properties. The variations over the glacial 
cycle are so large that they overshadow present day differences in groundwater compositions.

•	 Differences between the in situ temperatures at depth at the two sites are small enough to have 
an insignificant impact on the data.

•	 Differences between the in situ stresses at the two sites are small enough to only have a minor 
effect on the data. This effect is judged to be so small that no special treatment is made for Laxemar, 
but instead information from the Forsmark site is used. 

Table A8-2. Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. /Crawford and Sidborn 2009/, Tables 4-7 and 4-27: 
Laboratory porosities of unaltered rock matrix in Laxemar.
2. /SKB 2010a/, Section 6.8.7: Reduction factor of 0.8 used 
for correcting laboratory porosity to in situ porosity. 
3. /Löfgren 2007/, Equations 4-5 to 4-8: The estimated 
electrical conductivity profiles of the pore water in KLX07A, 
KLX08, KLX10, and KLX12A.
4. /Löfgren 2007/, Appendix B: The rock matrix apparent 
formation factors of boreholes KLX07A, KLX08, KLX10, and 
KLX12A (numerical data taken from corresponding SICADA 
files). 
5. /SKB 2010a/, Section 6.8.7: Equation used to correct 
apparent formation factors to formation factors. Equation 
used to transfer De for cations and non-charged solutes to 
De for anions. 
6. /Crawford 2010/, Table 6-2: Recommended Kd data for 
the Laxemar site. 
7. /Vilks et al. 2005/, Tables 1 and 2. De for HTO and iodide 
of 16 samples from the LTDE-SD experiment at Äspö Hard 
Rock Laboratory. For use in evaluating the effect of anion 
exclusion. 

Item 1–6 are site investigation reports, site-descriptive modeling reports, or SR-Site reports. These are all produced 
and reviewed in accordance with the SKB quality assurance system. The data are judged as qualified. Item 7 is a report 
produced by Atomic Energy of Canada Limited, presenting results from rock samples from Äspö. The data are judged to 
be representative and accurate, but it should be noted that all samples are taken from a very local rock volume.
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A8.5	 Conceptual uncertainty
There is no conceptual uncertainty that is specific for the Laxemar site. Therefore, the reader is referred 
to the conceptual uncertainties described in the SR-Site Data report /SKB 2010a, Section 6.8.6/. 

 
A8.6	 Data uncertainty due to precision, bias, and representativity
Diffusion available porosity
There is no additional uncertainty regarding the porosity for the Laxemar site, comparing to the 
Forsmark site. Therefore, the corresponding data uncertainty discussion given in the SR-Site Data 
report /SKB 2010a, Section 6.8.7/ is referred to. 

Effective diffusivity
In the SR-Site Data report, two methods of estimating the effective diffusivity are used. The first 
method is based on De data from through diffusion experiments in the laboratory, where the data are 
corrected for the fact that the samples are stress released in the laboratory. In the second method, 
in situ apparent formation factors Ff

app (-) based on downhole electrical resistivity loggings are used. 
These apparent formation factors are corrected into formation factors by use of Equation A8-1. 

0.4150.0012 fapp
f f

w

F
F F

κ
⋅

= −
							     

A8-1

where κw is the electrical conductivity of the pore water of the rock matrix. From the formation 
factor, the effective diffusivity is calculated according to: 

De = Dw · Ff	 								      
A8-2

Where Dw (m2/s) is the diffusivity in unconfined porewater. Equation A8.2 is valid under the prereq-
uisite that there is no exclusion effect or enhancing effect, such as surface diffusion. If such effects 
are present, further corrections are needed. In this text, such corrections are made to account for anion 
exclusion. It should be noted that the empirical constants in Equation A8-1 is predominantly based on 
measurements on rock samples from the Oskarshamn site investigation area (for example from the 
borehole KLX02). 

As shown in the SR-Site Data report, these two methods give very similar data, and for Forsmark, 
the final choice of data has been based on the second method, utilising downhole electrical resistivity 
measurements. For Laxemar, the somewhat simplified approach of only basing the recommended 
data on the second method has been chosen. This induces some extra uncertainty, compared with 
the Forsmark data, but this extra uncertainty is judged to be small. 

Data from the four boreholes KLX07A, KLX08, KLX10, and KLX12A are the foundation of the 
suggested data /Löfgren 2007/. These boreholes are chosen as the data evaluation was refined during 
the site investigation, and as these boreholes were evaluated last. Also the knowledge on how the 
groundwater composition varies within the site evolved with time. This suggests that these four 
boreholes was handled somewhat more accurately that boreholes of earlier reports. 

In borehole KLX08, the estimated profile of the electrical conductivity of the porewater versus 
borehole length is based on both the electrical conductivity of freely flowing groundwater, and on 
data estimated from porewater extraction/leaching of drill core samples in the laboratory. Therefore, 
the methodology of obtaining these data matches that used in the SR-Site Data report. For the other 
boreholes, the estimated profiles are based only on measurement on freely flowing water. This 
induces extra uncertainty, compared to in Forsmark, especially as the groundwater composition 
appears to be more heterogeneous in Laxemar than in Forsmark. 

Figure A8-1 (upper graph) shows the electrical conductivity of freely flowing fracture water, as 
measured in packed off sections in seven boreholes including KLX07A, KLX10 and KLX12A. The 
lower graph shows the electrical conductivity as measured on freely flowing fracture water (“EC 
in situ”) and as estimated from porewater extraction/leaching data (“Matrix fluid EC”) in KLX08. 
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The uncertainty in suggested De data due to the lack of porewater extraction/leaching data is, on 
average, judged to be contained within a few tens of percents.

Other considerations on data uncertainty for the effective diffusivity, such as the uncertainty in Dw 
used in Equation A8-2, are discussed in Section 6.8.7 of the SR-Site Data report. 

Anion exclusion
In the SR-Site Data report /SKB 2010a, Section 6.8.7/ it is argued that the De for anions can be 
obtained from the De of cations and non-charged solutes by the following equation: 

log10 (De, anions) = log10 (De) – 0.5						      A8-3
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Figure A8-1. Electrical conductivity of freely flowing groundwater and matrix pore water at Laxemar. 
Figures reproduced from Figure 4-18 and 4-20 of /Löfgren 2007/. Inclination at ground surface for KLX08 
is ~ –60° . For KLX08, the estimated profiles of electrical conductivity vs. borehole length are shown by 
the purple lines and equations.
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Table A8-3. Laboratory porosities of unaltered rock matrix for main rock types in Laxemar. Data 
from Table 4-7 and 4-27 in /Crawford and Sidborn 2009/. 

Rock type Rock type code Arithmetic  
mean (%)

Standard 
deviation (%)

Number of data 
points (samples)

Fine-grained dioritoid 501030 0.20 0.22 73
Quartz monzodiorite 501036 0.19 0.19 61
Ärvö quartz monzodiotite 501046 0.36 0.14 27
Ärvö granodiorit 501056 0.30 0.10 53
Fine-grained diorite-gabbro 505102 0.16 0.06 8
Granite, fine- to medium-grained 511058 0.24 0.07 24

The same considerations apply for Laxemar data, and the same correction is suggested for use in 
the Comparative analysis. The justification of Equation A8-3 is partly based on data from the Äspö 
Hard Rock Laboratory /Vilks et al. 2005/, which lends creditability to the equation’s applicability at 
Laxemar. The existence of anion exclusion has recently been indicated in the in situ tracer test Long 
Term Sorption Diffusion Experiment (LTDE-SD) at the Äspö HRL /Nilsson et al. 2010/. 

The scale on which the porous system is connected
As for Forsmark, it is suggested that the porous system at Laxemar is connected on all scales relevant 
for the safety assessment (at least decametre scale), and that there is little uncertainty or variability. 

Sorption partitioning coefficient
Data uncertainties associated with Kd estimations is summarised in the SR-Site Data report and 
detailed in /Crawford 2010/. The recommended data are based on data from both sites, as well as on 
literature data. No uncertainty that is specifically related to the Laxemar site exists. Accordingly the 
discussion in the SR-Site Data report is referred to. 

It can be worth noting that out of the transfer factors used (cf. /Crawford 2010/) only that for CEC 
(cation exchange capacity) is assigned different values for the Laxemar and Forsmark site. As dis-
cussed in Chapter 5 of /Crawford 2010/, Laxemar rock types generally have a higher biotite content 
than Forsmark rocks, and can be expected to have a proportionately larger CEC. Otherwise the same 
data derivation is used for the two sites. 

In the derivation of Kd data for the Laxemar site it is assumed that the variation in future groundwater 
compositions over the glacial cycle overshadows present day differences between the Forsmark and 
Laxemar sites. Implicitly it is also assumed that the groundwater compositions at the sites follow the 
same systematic trends as response to shore-level displacement and climatic changes. Based on these 
assumptions, groundwater compositions that are valid for the Forsmark site have been used in the 
derivation of Laxemar data. This induces additional uncertainty. However, this uncertainty is judged 
to be overshadowed by the general uncertainty involved in estimating Kd values representative for 
different groundwater compositions over the glacial cycle (cf. /Crawford 2010/).

 
A8.7	 Spatial and temporal variability of data
In Section 4.4.1 of /Crawford and Sidborn 2009/, the porosity measured in the site investigation 
laboratory programme is summarised (cf. Table 4-6, 4-7 and 4-27 of /Crawford and Sidborn 2009/). 
By comparing the porosity of different rock types, in deformation zones and non-deformed rock, 
it can be concluded that the spatial variability is fairly small, although it is generally larger than in 
Forsmark. 

In Table A8-3, the data for the unaltered rock matrix given in Table 4-27 of /Crawford and Sidborn 
2009/ are reproduced. The data could be used as representative, best estimate laboratory porosities 
for the main rock types within rock domains RSMA01, RSMD01, RSMM01, and RFMBA03.
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The data of Table A8-3 are illustrated in Figure A8-2 for the different rock types. The triangle marks 
the arithmetic mean and the error bars the standard deviation. 

As can be seen in Figure A8-2, the variation in the arithmetic mean porosity between different rock 
types is minor. The porosity should be flowpath averaged before use in solute transport modelling 
in the Comparative analysis. This means that all porosities encountered along the flowpath should 
be averaged, by way of taking their arithmetic mean. As the natural variability of local porosities 
is relatively small, the flowpath averaged porosity can for safety assessment purposes be regarded 
to feature no significant spatial variability. Furthermore, the porosity is suggested to feature no 
significant temporal variability. 

Figure A8-3 shows how the apparent formation factor varies in different boreholes within the 
Oskarshamn site investigation area. In the image, the 10 m running average of the apparent rock 
matrix formation factor is shown. 

The great majority of the apparent formation factors are found within a one order of magnitude range, 
which is also the case for the formation factor. As the formation factor and effective diffusivity should 
be flowpath averaged before use in solute transport modelling, the spatial variability between flowpaths 
is suggested to be minor. The temporal variability in the data is also judged to be minor and the suggested 
data ranges in Section A8.9 encompass these effects.

The considerations on natural variability for Kd given in the SR-Site data report (Section 6.8.9) are 
valid also for Laxemar data. The data ranges given in Section A8.9 of this present report aim to 
encompass these effects. A discussion on the natural variability of Kd data due to external conditions 
(mainly the impact of the glacial cycle) and due to the physical state of the rock matrix is given in 
/Crawford 2010, Chapter 4/. 

 
A8.8	 Correlations 
The same correlations and functional relationships as discussed in the SR-Site Data report /SKB 
2010a, Section 6.8.9/ apply for the Laxemar data. Correlation groups for Kd of different radioelements 
are given in Table A8-4.
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Figure A8-2. Laboratory porosities of unaltered rock matrix for main rock types in Laxemar. Triangle marks 
the arithmetic mean and the error bars the standard deviation.
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A8.9	 Result of supplier’s data qualification
Diffusion available porosity
Laboratory porosities for different rock types are summarised in Table A8-3. The arithmetic mean 
of all 246 samples that Table A8-3 is based upon is 0.24%. To correct for the fact that the laboratory 
samples are stress released, the same correction factor is used as argued for in the SR-Site Data report, 
i.e. 0.8. By multiplying 0.24% with 0.8, the recommended in situ porosity becomes 0.19%. The porosity 
should be flowpath averaged, and this single point value is recommended for use in all flowpaths at 
the site, with no associated uncertainty range. 

As discussed in the SR-Site Data report, it is judged that there is no significant anion exclusion 
on the porosity. Accordingly the diffusion available porosity is the same for cations, non-charged 
solutes, and anions. 

Formation factor and effective diffusivity
The apparent formation factors of borehole KLX07A, KLX08, KLX10, and KLX12A are corrected 
into formation factors by used of Equation A8-1. In doing this, the electrical conductivities of the 
porewater at different depths are needed. Electrical conductivity versus borehole length profiles are 
described by Equations 4-5 to 4-8 of /Löfgren 2007/. These profiles are based on the data illustrated 
in Figure A8-1, where one can see such estimated profiles for borehole KLX08. 

Figure A8-4 shows the cumulative density functions (CDF) of the formation factors of the individual 
boreholes, as well as that including all formation factors of the four boreholes (blue curve).

Figure A8-3. Variation of the in situ apparent rock matrix formation factor (10 m running averages) plot-
ted as a function of elevation for all reported boreholes from the Laxemar‑Simpevarp area. Measurement 
points less than 0.5 m distant from mapped open fractures are excluded. Reproduced from Figure D-2 of 
/Crawford and Sidborn 2009/.
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It should be noted that the borehole KLX07A was drilled in highly fractured rock, which is the 
reason that only 73 data points out of 4,780 possible were selected between the borehole lengths 
367–845 m. This may suggest that the formation factors that were not discarded due to the proximity 
to open fractures (see /Löfgren 2007/ for methodology of discarding data) are somewhat affected 
by the fracturing, which is also indicated by their relatively enhanced values. 

Recommended data: For the flowpath averaged in situ formation factor, we recommend using 
the arithmetic mean value of the 3,095 data points from borehole KLX07A, KLX08, KLX10, 
and KLX12A. This equals 2.7·10–5. If using a Dw of 1·10–9 m2/s, the corresponding De becomes 
2.7·10–14 m2/s. As justified in the SR-Site Data report; for cations and non-charged solutes the log10 
of this value is used as μ in a normal distribution, with the standard deviation of 0.25:

•	 Log10(De) normal distribution parameters: μ = ‑13.6, σ = 0.25. 

The standard deviation relates to uncertainty and not to natural variability. For anions, this distribution 
is shifted downwards by half an order of magnitude, by use of Equation A8-3.

•	 Log10(De) normal distribution parameters (anions): μ = ‑14.1, σ = 0.25. 

One could argue for a slightly larger uncertainty range for Laxemar data than for Forsmark data, 
as the spatial variability of the formation factor is larger at Laxemar. However, this fact has only a 
very minor impact on the uncertainty in the flowpath averaged effective diffusivity, and the effect 
is disregarded. It is cautioned that as the suggested standard deviation is due to conceptual and data 
uncertainty, and not due to natural variability of the rock matrix, the distributions cannot again be 
flowpath averaged. 

It should be noted that a radioelement may have a speciation allowing for cationic, neutral, and 
anionic forms. Therefore, in case of a radionuclide transport modelling code that only allows for 
one De per radioelement, one must choose whether the radioelement predominantly is in its cationic, 
neutral, or anionic form. 
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Sorption partitioning coefficient, Kd

Based on the data extrapolation and qualification procedures described in /Crawford 2010/, Kd data 
have been estimated for application conditions in Laxemar. 

The Kd data are given in the form of log-normal distributions which implicitly include the combined 
impact of uncertainty as well as spatial and temporal variability. The median of the log-transformed 
Kd uncertainty may be taken to be the best estimate value for central case deterministic calculations. 
Although flowpath averaging effects would normally suggest the use of the arithmetic mean Kd 
value, the use of the median is deemed a more cautious choice given that uncertainty (rather than 
natural variability) is the dominant contribution to the statistical dispersion of the Kd ranges. For 
stochastic simulations, it is recommended that the log-normal distributions are sampled uniformly 
between the 2.5% and 97.5% percentiles (that is the distribution should be truncated).

The recommended Kd data for the Laxemar site are supplied in Table A8-4. These data are recom-
mended for all rock volumes throughout repository evolution. The table also gives two correlation 
groups for the radioelements. 

Table A8-4. Recommended sorption partitioning coefficient, Kd values, for use in Comparative 
analysis of the Laxemar site. The predominant species for redox sensitive elements are highlighted 
in bold text. Values are given for the best estimate (median), parameters for the log-normal distribu-
tion (m and s), as well as lower and upper limits corresponding to the 2.5% and 97.5% percentiles, 
respectively. For each row a correlation group (1 or 2) or no correlation group (-) is assigned.

Radionuclide 
(Redox State) 

Best estimate Kd 
(m3/kg) 

log10Kd – m log10Kd – s Lower Kd limit 
(m3/kg) 

Upper Kd limit 
(m3/kg) 

Corr. 
Group

Ac(III) 1.48·10–2 –1.83 0.72 5.74·10–4 3.83·10–1 2
Ag(I) 6.54·10–4 –3.18 0.51 6.49·10–5 6.60·10–3 1
Am(III) 1.48·10–2 –1.83 0.72 5.74·10–4 3.83·10–1 2
C, HCO3

– 0.0 – – 0.0 0.0 –
C, CH4 0.0 – – 0.0 0.0 –
C, -CO2H 0.0 – – 0.0 0.0 –
Cd(II) 2.07·10–3 –2.68 0.65 1.12·10–4 3.83·10–2 1
Cl(-I) 0.0 – – 0.0 0.0 –
Cm(III) 1.48·10–2 –1.83 0.72 5.74·10–4 3.83·10–1 2
Cs(I) 6.54·10–4 –3.18 0.51 6.49·10–5 6.60·10–3 1
Eu(III) 1.48·10–2 –1.83 0.72 5.74·10–4 3.83·10–1 2
H(I) 0.0 – – 0.0 0.0 –
Ho(III) 1.48·10–2 –1.83 0.72 5.74·10–4 3.83·10–1 2
I(-I) 0.0 – – 0.0 0.0 –
Mo(VI) 0.0 – – 0.0 0.0 –
Nb(V) 1.98·10–2 –1.70 0.64 1.11·10–3 3.53·10–1 2
Ni(II) 2.07·10–3 –2.68 0.65 1.12·10–4 2.83·10–2 1
Np(IV) 9.92·10–2 –1.00 0.65 5.33·10–3 1.85·100 2
Np(V) 7.75·10–4 –3.11 0.65 2.78·10–5 2.16·10–2 2
Pa(IV) 5.92·10–2 –1.23 0.48 6.76·10–3 5.18·10–1 2
Pa(V) 5.92·10–2 –1.23 0.48 6.76·10–3 5.18·10–1 2
Pb(II) 2.52·10–2 –1.60 0.56 2.05·10–3 3.10·10–1 2
Pd(II) 5.20·10–2 –1.28 0.83 1.22·10–3 2.21 2
Pu(III) 2.78·10–2 –1.56 0.72 1.08·10–3 7.19·10–1 2
Pu(IV) 9.92·10–2 –1.00 0.65 5.33·10–3 1.85·100 2
Pu(V) 1.71·10–2 –1.77 0.60 1.16·10–3 2.53·10–1 2
Pu(VI) 1.71·10–2 –1.77 0.60 1.16·10–3 2.53·10–1 2
Ra(II) 4.53·10–4 –3.34 0.41 7.26·10–5 2.83·10–3 1
S(-II) 0.0 – – 0.0 0.0 –
Se(-II) 2.95·10–4 –3.53 0.55 2.50·10–5 3.48·10–3 –
Se(IV) 2.95·10–4 –3.53 0.55 2.50·10–5 3.48·10–3 –
Se(VI) 2.95·10–4 –3.53 0.55 2.50·10–5 3.48·10–3 –
Sm(III) 1.48·10–2 –1.83 0.72 5.74·10–4 3.83·10–1 2
Sn(IV) 1.59·10–1 –0.80 0.28 4.51·10–2 5.58·10–1 2
Sr(II) 6.42·10–6 –5.19 0.99 7.21·10–8 5.71·10–4 1
Tc(IV) 9.92·10–2 –1.00 0.65 5.33·10–3 1.85·100 2
Tc(VII) 0.0 – – 0.0 0.0 –
Th(IV) 5.29·10–2 –1.28 0.65 2.84·10–3 9.84·10–1 2
U(IV) 9.92·10–2 –1.00 0.65 5.33·10–3 1.85·100 2
U(VI) 2.00·10–4 –3.70 0.66 1.04·10–5 3.84·10–3 2
Zr(IV) 2.13·10–2 –1.67 0.35 4.48·10–3 1.02·10–1 2
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A8.10	 Data recommended for use in the Comparative analysis
Porosity data recommended for use in the Comparative analysis are summarised in Table A8-5. 
It should be noted that the suggested values are flowpath averaged.

Table A8-5. in situ diffusion available porosity suggested for use in Comparative analysis for 
the Laxemar site.

Type of solute e (%)

Cations and non-charged solutes 0.19
Anions 0.19

Table A8-6. Flowpath averaged in situ effective diffusivity suggested for use in Comparative 
analysis for the Laxemar site.

Type of solute Best estimate De 
(m2/s)

Log10De (m2/s) 
– µ

Log10De 
(m2/s) – σ

Probability density  
function

Cations and non-charged solutes 2.7⋅10–14 –13.6 0.25 Log-normal

Anions 8.5⋅10–15 –14.1 0.25 Log-normal

The effective diffusivity data recommended for use in the Comparative analysis are summarised in 
Table A8-6. It should be noted that the probability density function reflects on uncertainty, and not on 
spatial variability. Spatial variability is already handled by suggesting flowpath averaged values. The 
De values for different elements should be correlated (cf. Section 6.8.9 of the SR-Site Data report). 

Concerning the scale on which the porous system is connected L (m), it is suggested to be connected 
on all scales relevant for the safety assessment (at least on the decametre scale). This means that the 
maximum penetration depth LD (m) for matrix diffusion is dependent on half the spacing between 
hydraulically conductive fractures, as discussed in Chapter A7. 

Sorption data recommended for use in the Comparative analysis are summarised in Table A8-4. The 
Kd data are given in the form of log-normal distributions characterised by a mean (μ) and standard 
deviation (σ). For stochastic simulations, it is suggested that the distributions are sampled uniformly 
between the upper and lower limits defined by the 2.5% and 97.5% percentiles. The best estimate Kd 
value for use in deterministic calculations is given as the median of the Kd distribution. Kd data of the 
same correlation group (1 or 2) should be correlated. 
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A9	 Landscape dose conversion factors
In the Comparative analysis, doses to humans are assessed for by multiplying radionuclide activity 
release rates to the biosphere by radionuclide specific landscape dose conversion factors (LDF). In 
this appendix the LDF’s for Laxemar, used in the Comparative analysis, are supplied. 

For the Laxemar site, there is no dedicated report providing LDF’s that would correspond to /Avila 
et al. 2010/, reporting the Forsmark LDF’s used in SR-Site. Therefore, the source for the LDF’s used 
in the Comparative analysis is this appendix. Furthermore, for Laxemar there is no dedicated report 
describing the landscape development, which would correspond to the SR-Site Biosphere synthesis 
report /SKB 2010a/. Instead the Laxemar landscape development is outlined in Chapter A10 of this 
present report. 

As the documentation describing the modelling of LDF’s for Laxemar is limited, no proper site specific 
uncertainty discussion can be given. Instead, for methodology issues /Avila et al. 2010, SKB 2010a/ 
are referred to, while for uncertainty issues /Avila et al. 2010/ is referred to. Site specific conditions 
used to model the landscape development of Laxemar are presented in Chapter A10. Before studying 
this appendix, the reader is strongly recommended to first study the corresponding text in the SR-Site 
Data report /SKB 2010b, Section 7.2/ to gain a better understanding of the uncertainties associated 
with the LDF.

A9.1	 Modelling as input to the Comparative analysis of safety related site 
characteristics

This section describes what data are expected from the supplier and in which modelling activities 
the data are to be used. 

Defining the data requested from the supplier
For the Comparative analysis, the following data should be delivered by the supplier:

•	 Radionuclide-specific basic landscape dose conversion factors, LDF’s (Sv/y per Bq/y) for the 
temperate climate domain. The exposure should be calculated for a representative individual of 
the most exposed group, as averaged over the lifetime of an individual.

The LDF’s should be supplied for the following radionuclides of the selected inventory, where the 
justification provided in the SR-Site Radionuclide transport report /SKB 2010c/ is also valid for the 
comparative analysis: 

•	 Ac-227, Ag-108m, Am-241, Am-243, C-14, Ca-41, Cl-36, Cm-244, Cm-245, Cm-246, Cs-135, 
Cs-137, Ho-166m, I‑129, Nb-94, Ni-59, Ni-63, Np-237, Pa-231, Pb-210, Pd-107, Po-210, Pu-239, 
Pu-240, Pu-242, Ra-226, Se-79, Sm-151, Sn-126, Sr-90, Tc-99, Th-229, Th-230, Th-232, U‑233, 
U-234, U-235, U-236, U-238, and Zr-93. 

Modelling activities in which data will be used
The chain of models used to calculate the release rates, as well as the application of the LDF’s in the 
dose calculations, are described in detail in the SR-Site Radionuclide transport report /SKB 2010c/ 
for the Forsmark site. The same descriptions apply for the Comparative analysis and the Laxemar 
site, although the scope of the radionuclide transport modelling is limited in the Comparative analysis. 

Basically, the activity release rate to the biosphere is calculated either analytically or using the com-
putational programs COMP23/Compulink /Romero et al. 1999, Cliffe and Kelly 2006, Vahlund and 
Hermansson 2006/, for the nearfield, and FARF31 /Norman and Kjellbert 1990, Elert et al. 2004/ for 
the farfield. By multiplying the release rates by the LDF’s, the maximum annual effective doses to a 
representative individual of the most exposed group can be calculated. To estimate annual exposure 
during the lifetime of an individual, predicted doses have been averaged over a period of 50 years, 
which is the integration period used by ICRP in the derivation of dose coefficients for adults.
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A9.2	 Supplier input on use of data in the Comparative analysis 
LDF values have been delivered by the SR-Site biosphere modelling team to the Comparative analysis 
project, where the dose assessments are performed. In this text the SR-Site biosphere modelling team is 
acknowledged as the supplier and the Comparative analysis project as the customer. Supplier inputs, 
partly based on the authorities’ comments on SR-Can, have been given at an early stage and have 
already been incorporated in the Comparative analysis. 

The supplier acknowledges that documentation on the supplied LDF’s is better for the Forsmark 
site than for the Laxemar site. Also, it is recognised that for Laxemar, the uncertainties have not 
been investigated in the same degree as for Forsmark. However, the identical methodology has been 
applied in obtaining LDF’s for both sites. Furthermore, the input data to the LDF modelling have 
roughly the same uncertainties for both sites. Therefore, the data supplied in this appendix have 
approximately the same degree of adequacy as those supplied in the SR-Site Data report /SKB 2010b, 
Section 7.2/.

A9.3	 Sources of information and documentation of data qualification
Sources of information
The LDF’s supplied in this appendix are calculated based on c 140 input parameters. Many of these 
are site specific and thus the LDF’s are dependent on site specific characteristics and future landscape 
development (cf. Chapter A10). The surface systems at the two sites differ with regard to ecosystem 
specific characteristics, e.g. differences in hydrology, chemistry, and species composition. The surface 
ecosystems are thoroughly described in /Andersson 2010, Aquilonius 2010, Löfgren 2010/. Detailed 
descriptions of the hydrological and hydrochemical conditions in the Laxemar area are presented in 
/Werner 2009, Bosson et al. 2009, Tröjbom et al. 2008/. The site description of the Laxemar surface 
systems is presented in /Söderbäck and Lindborg 2009/. 

The main sources of information providing input data to the LDF modelling are /Andersson 2010, 
Aquilonius 2010, Löfgren 2010, Nordén et al. 2010/. The methodology of the LDF modelling is 
described in /SKB 2010a, Avila et al. 2010/ for the Forsmark site. The methodology used to derive 
the LDF’s is identical for Forsmark and Laxemar. Data qualification and uncertainty discussions for 
Forsmark data are given in /SKB 2010b, Section 7.2/ and similar descriptions apply t the Laxemar 
site. The full references to these reports are provided in Table A9‑1. 

Table A9-1. Main sources of information used in data qualification.

Andersson E (ed), 2010. The limnic ecosystems at Forsmark and Laxemar-Simpevarp. SKB TR-10-02, Svensk 
Kärnbränslehantering AB.
Aquilonius K (ed), 2010. The marine ecosystems at Forsmark and Laxemar-Simpevarp. SKB TR-10-03, Svensk 
Kärnbränslehantering AB.
Avila R, Ekström P-A, Åstrand P-G, 2010. Landscape dose conversion factors used in the safety assessment 
SR-Site. SKB TR-10-06, Svensk Kärnbränslehantering AB.
Löfgren A (ed), 2010. The terrestrial ecosystems at Forsmark and Laxemar-Simpevarp. SKB TR-10-01, Svensk 
Kärnbränslehantering AB.
Nordén S, Avila R, de la Cruz I, Stenberg K, Grolander S, 2010. Element-specific and constant parameters used for 
dose calculations in SR-Site,  SKB TR-10-07, Svensk Kärnbränslehantering AB.
SKB, 2010a. Biosphere analyses for the safety assessment SR-Site – synthesis and summary of results. SKB TR-10-09, 
Svensk Kärnbränslehantering AB.
SKB, 2010b. Data report for the safety assessment SR-Site. SKB TR-10-52, Svensk Kärnbränslehantering AB.

In addition, the Laxemar biosphere objects and future landscape development are described in 
Chapter A10.
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Categorising data sets as qualified or supporting data 
The radionuclide model used to calculate LDF values relies on nearly 140 input parameters, of 
which of which one third represent radionuclide- or element-specific properties. In order to sum-
marise the number and types of parameters that are used to model transport and accumulation of 
radionuclides in the biosphere, and the potential exposure to organisms, the parameters have been 
sorted into a number of categories (see Table A9‑2). 

Parameters used in the radionuclide model reflect important processes concerning transport, 
accumulation, and exposure to radionuclides at the site over time, thus including the effects of site 
development and site specific characteristics.

Parameters that are used to describe ecosystem characteristics used in the LDF calculations are 
presented in the ecosystems reports /Andersson 2010, Aquilonius 2010, Löfgren 2010/. Additional 
parameters are presented in /Nordén et al. 2010/. Landscape geometries and landscape development 
parameters are described in /Lindborg 2010/. The descriptions are also relevant for the Comparative 
analysis but the parameters values for the Laxemar site may differ from those for the Forsmark site. 
The Laxemar data are stored in /SKBdoc 1263189/.

No sorting of the c 140 input parameters as supporting or qualified has been made, which is a deviation 
from the instruction on data qualification given in /SKB 2010b, Section 2.3/. 

Table A9-2. Parameters used in the radionuclide model. The references are given in the footnote 
below the table.

Type of parameters N Example Source Reference

Radionuclide specifica 1 Radionuclide half life Literature TR-10-07

Landscape geometriesc 13 Size of biosphere objects and 
catchment areas, sedimentation 
and resuspension rate

Site investigation,  
site modelling

SKBdoc 1263189

Regolithc 27 Depth, density and porosity of 
sediments and soil

Site investigation,  
site modelling

TR-10-01 
TR-10-02 
TR-10-03 

Ecosystem properties  
– aquatic ecosystemsc

Ecosystem properties 
– terrestrial ecosytems

17
34

Biomass, productivity, gas 
exchange 
Biomass, productivity, gas 
exchange  

Site investigation,  
site modelling
Site investigation,  
site modelling

TR-10-02 
TR-10-03 
TR-10-01 
TR-10-07

Surface hydrology and 
water exchangec

9 Runoff, vertical and horizontal 
advective fluxes, marine water 
exchange

Site investigation,  
site modelling

TR-10-01 
TR-10-02 
TR-10-03 

Distribution coefficients 
and diffusivityb

10 Element-specific solid/liquid 
distribution coefficients (Kd) for 
regolith and particulate matter

Site investigation, 
literature

TR-10-07

Concentration ratios, 
retention and releaseb

19 Element-specific ratios between 
environmental media and organ-
isms (CR) 

Site investigation, 
literature

TR-10-07

Human characteristics 

Dose coefficientsa

5 

4 

Life span, energy and water 
consumption
Radionuclide specific factors 
for radiation exposure through 
external irradiation, inhalation  
and ingestion 

Literature 

Literature

TR-10-07 

TR-10-07

a Each parameter estimated for 48 radionuclides.
b Each parameter estimated for 31 stable elements.
c Time dependent parameters for which a separate parameter value is given for each time step and object (8 landscape 

geometry parameters, 4 regolith parameters, 8 aquatic ecosystem parameters and 1 surface hydrology and water 
exchange parameter).

References: TR-10-01 /Löfgren 2010/, TR-10-02 /Andersson 2010/, TR-10-03 /Aquilonius 2010/, TR-10-07 /Nordén 
et al. 2010/.

Excluded data previously considered as important
Seven biosphere objects in Laxemar are excluded from calculations deriving LDF’s, as their transition 
times from marine to terrestrial stages are not adequately described (cf. Section A10.2).
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A9.4	 Conditions for which data are supplied
As seen in Table A9‑2, the LDF modelling uses a number of input data where some are universal and 
some are assumed, but where a great number of surface system data are site specific and also dependent 
on the future landscape development. A description of the various basins, biosphere objects, and the 
landscape development in Laxemar is given in appendix A10. Figure A9‑1 shows the Laxemar site and 
the associated biosphere objects. Note that only a subset of the biosphere objects is used in the LDF 
modelling. This subset includes objects 201, 203, 206, 207, 208, 210, 211, 213, 214, and 215.

The LDF values are derived for a long-term constant release to the landscape during the whole 
simulation period. The LDF values should therefore only be used in scenarios with long-term con-
tinuous releases. If applied to scenarios where the concentrations in the biosphere have not reached 
equilibrium, the calculated doses might be substantially overestimated. 

The LDF values supplied in this appendix are modelled for the temperate domain, also referred to 
as the interglacial period, i.e. the period from the deglaciation to the onset of periglacial conditions 
(cf. Chapter 3). As land emerges 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 assumed to be supplied in equal parts from surface water and from a contaminated well drilled 
into the bedrock (cf. Chapter 8 in SR-Site Biosphere synthesis report /SKB 2010a/). The calculation 
period starts at the time of the deglaciation, 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 
thousands of years from the emergence of the first object from the sea, until the shoreline has passed 
over the whole model area.

The LDF’s have been calculated over time for each of the biosphere objects listed above. Important 
inputs to assess the succession of the objects are the shore-level changes and climate data discussed 
in Chapter 3. Other conditions and inputs are described in /Avila et al. 2010/, where the general descrip-
tions apply to Laxemar as well as to Forsmark, but where details and numerical values may differ. 

Figure A9‑1. Biosphere objects in Laxemar. Basin 216 and 217 is merged to one basin (216) in the modelling. 
Basins 201, 203, 206, 207, 208, 210, 211, 213, 214, and 215 are used in the calculation of LDF’s for Laxemar. 
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The rational for supplying LDF’s only for the temperate climate domain in the Comparative analysis 
is that they are generally higher for the temperate domain than for the periglacial and glacial domains 
(cf. LDF’s for the Forsmark site for the different climate domains /SKB 2010b, Section 7.2.10/). Further
more, in SR-Site many of the scenario calculations use only the temperate factors in reporting the results.

A9.5	 Conceptual uncertainty
The same conceptual uncertainties apply for Laxemar as for Forsmark, so the corresponding text in 
the SR-Site Data report /SKB 2010b, Section 7.2.6/ is applicable.

A9.6	 Data uncertainty due to precision, bias, and representativity
No uncertainty analysis has been performed for the LDF’s supplied for the Laxemar site, which 
would correspond to that for the Forsmark site presented in /Avila et al. 2010/ and /SKB 2010b, 
Section 7.2.7/. It should especially be noted that no probabilistic simulation has been performed 
for the Laxemar area that could underpin an evaluation of data uncertainties.

However, the same parameters and the identical methodology are used for LDF calculations in 
Forsmark and Laxemar. Therefore, it is reasonable to assume that ranges in uncertainty would be 
similar for the two sites. Accordingly the uncertainty discussion given in the SR-Site Data report 
/SKB 2010b, Section 7.2.7/ is broadly applicable. Furthermore, the descriptions of data uncertainty 
in the SR-Site Biosphere synthesis report /SKB 2010a/ and /Avila et al. 2010/ are relevant. 

There is one Laxemar specific uncertainty worth mentioning. Since not all possible biosphere objects 
(cf. Figure A9‑1) are included in the LDF modelling, there are uncertainties relating to how repre-
sentative the calculated LDF values are. The included biosphere objects are distributed within the 
model area and cover a wide range of sizes, and are therefore judged to be a relevant representation 
of possible biosphere objects at the Laxemar site.

A9.7	 Spatial and temporal variability of data
The LDF’s represent the highest values for each radionuclide over all biosphere objects during the 
whole simulation time period corresponding to the temperate climate domain. Hence, the delivered 
LDF’s are constant in time and space. However, the LDF values are derived on the basis of time 
dependent doses per unit release rate, obtained from simulations for different biosphere objects with 
their different properties. These underlying data for different times and objects provide an indication 
of the data uncertainty (natural variability) of the LDF, associated with spatial and temporal variations. 

Figure A9‑2, Table A9‑3, and Table A9‑4 show the LDF for the individual biosphere objects at the 
Laxemar site, as modelled during the interglacial period. The value for each radionuclide that is 
cautiously suggested for the Comparative analysis is the maximum value over all objects. As can be 
seen, variations between objects range between factors of a few to almost two orders of magnitude. 
Generally, for radionuclides where exposure from food 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 LDF’s typically have a larger variation 
than for radionuclides where drinking water is an important exposure pathway (e.g. Am‑241, Pa‑231, 
Pu‑239, Pu‑242, Ra‑226 and Th‑229). This was also found to be the case for Forsmark. 

No figure is provided to illustrate the underlying temporal variability within the temperate domain. 
For such an illustration /SKB 2010b, Figure 7-4/ can be consulted.
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Figure A9‑2. LDF’s for the modelled biosphere objects during the interglacial period (–9000 to 9400 AD), 
at the time of the maximum value for each radionuclide. Underlying numerical data are provided in Table A9‑3 
and Table A9‑4.
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A9.8	 Correlations 
The supplied LDF’s have been obtained from independent deterministic simulations for each radio
nuclide. As a result, there is no correlation that needs to be propagated to subsequent modelling steps 
using the LDF’s as inputs.

A9.9	 Result of supplier’s data qualification
The recommended LDF’s for different radionuclides for the interglacial period (submerged and temperate 
conditions) are supplied in Table A9‑5. In the table, the timing and biosphere object where the maximum 
LDF is reached for each radionuclide are presented. Also the number of persons that the relevant 
object can sustain at the time of the maximum LDF is shown.

A9.10	 Data recommended for use in the Comparative analysis
The LDF’s for Laxemar presented in Table A9‑5 are recommended for used in the Comparative 
analysis. These data are representative for the temperate climate domain and should strictly be used 
for assessing the radiological risk for this domain only. Generally, LDF’s are higher for the temperate 
domain than for the periglacial and glacial domains. However, for Forsmark this proved not to be 
the case for Cs-135 due to a strong retention (Kd) and half-life of this nuclide (cf. /SKB 2010b, 
Section 7.2.10), wherefore caution should be used if applying these data to other climate domains. 

The LDF values should only be used in scenarios with long-term continuous releases. If applied 
to scenarios where the concentrations in the biosphere have not reached equilibrium (i.e. in pulse 
release scenarios), the calculated doses might be substantially overestimated. 
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Table A9-3. Maximum LDFs for different radionuclides obtained in the modelled biosphere 
objects for Laxemar during an interglacial period (-9000 to 9400 AD), modelled with a well.

Radionuclide Object id 201 203 206 207 208

Ac-227 3.92·10-11 3.92·10-11 3.92·10-11 3.92·10-11 3.92·10-11

Ag-108m 9.33·10-14 1.75·10-13 5.88·10-13 2.48·10-13 9.17·10-14

Am-241 7.12·10-12 7.12·10-12 7.13·10-12 7.13·10-12 7.12·10-12

Am-243 7.29·10-12 7.33·10-12 7.36·10-12 7.23·10-12 7.39·10-12

C-14 1.36·10-12 4.48·10-12 1.09·10-11 9.54·10-12 4.61·10-12

Ca-41 1.1·10-14 2.05·10-14 3.63·10-14 2.05·10-14 1.76·10-14

Cl-36 8.81·10-14 2.56·10-13 1.05·10-12 4.35·10-13 8.64·10-14

Cm-244 4.28·10-12 4.28·10-12 4.28·10-12 4.28·10-12 4.28·10-12

Cm-245 7.53·10-12 7.52·10-12 7.59·10-12 7.55·10-12 7.61·10-12

Cm-246 7.51·10-12 7.51·10-12 7.55·10-12 7.53·10-12 7.56·10-12

Cs-135 9.47·10-14 1.92·10-13 1.28·10-13 1·10-13 8.99·10-14

Cs-137 5.74·10-13 5.75·10-13 5.75·10-13 5.75·10-13 5.75·10-13

Ho-166m 7.35·10-14 8.87·10-14 1.31·10-13 9.46·10-14 7.3·10-14

I-129 8.96·10-12 2.1·10-11 6.51·10-11 3.17·10-11 8.31·10-12

Nb-94 2.58·10-13 1.25·10-12 4.49·10-12 1.03·10-12 1.84·10-13

Ni-59 6.61·10-15 1.64·10-14 3.96·10-14 2.54·10-14 5.42·10-15

Ni-63 5.61·10-15 5.64·10-15 5.74·10-15 5.65·10-15 5.61·10-15

Np-237 9.81·10-12 2.13·10-11 1.67·10-11 3.84·10-11 9.59·10-12

Pa-231 2.55·10-11 2.61·10-11 2.81·10-11 2.69·10-11 2.55·10-11

Pb-210 2.48·10-11 2.48·10-11 2.48·10-11 2.48·10-11 2.48·10-11

Pd-107 1.76·10-15 3.97·10-15 4.44·10-15 3.28·10-15 1.64·10-15

Po-210 4.33·10-11 4.33·10-11 4.33·10-11 4.33·10-11 4.33·10-11

Pu-239 9.3·10-12 9.66·10-12 9.48·10-12 9.16·10-12 9.38·10-12

Pu-240 9.13·10-12 9.46·10-12 9.24·10-12 9.05·10-12 9.2·10-12

Pu-242 9.02·10-12 9.36·10-12 9.24·10-12 8.85·10-12 9.09·10-12

Ra-226 1.03·10-11 1.7·10-11 1.29·10-11 1.08·10-11 1.06·10-11

Se-79 1.25·10-11 6.7·10-11 2.79·10-10 1.08·10-10 1.28·10-11

Sm-151 3.5·10-15 3.5·10-15 3.5·10-15 3.5·10-15 3.5·10-15

Sn-126 3.3·10-12 9.96·10-12 3.44·10-11 1.81·10-11 2.53·10-12

Sr-90 1.06·10-12 1.06·10-12 1.06·10-12 1.06·10-12 1.06·10-12

Tc-99 5.21·10-14 3.28·10-13 8.54·10-13 3.38·10-13 5.61·10-14

Th-229 1.75·10-11 1.75·10-11 1.76·10-11 1.75·10-11 1.75·10-11

Th-230 1.06·10-11 2.73·10-11 2.03·10-11 1.26·10-11 1.02·10-11

Th-232 8.2·10-12 8.24·10-12 8.35·10-12 8.23·10-12 8.2·10-12

U-233 2.21·10-12 2.59·10-12 4.26·10-12 3.17·10-12 2.14·10-12

U-234 2.67·10-12 3.14·10-12 5.04·10-12 3.87·10-12 2.23·10-12

U-235 2.02·10-12 2.36·10-12 3.97·10-12 3.04·10-12 1.97·10-12

U-236 1.95·10-12 2.21·10-12 3.17·10-12 2.55·10-12 1.91·10-12

U-238 1.87·10-12 2.12·10-12 3.11·10-12 2.49·10-12 1.84·10-12

Zr-93 4.08·10-14 4.54·10-14 5.96·10-14 5.03·10-14 4.04·10-14
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Table A9-4. Maximum LDFs for different radionuclides obtained in the modelled biosphere 
objects for Laxemar during an interglacial period (-9000 to 9400 AD), modelled with a well.

Radionuclide Object id 210 211 213 214 215

Ac-227 3.92·10-11 3.92·10-11 3.92·10-11 3.92·10-11 1.53·10-11

Ag-108m 3.79·10-13 3.63·10-13 3.18·10-13 1.59·10-13 3.31·10-14

Am-241 7.13·10-12 7.12·10-12 7.12·10-12 7.12·10-12 2.78·10-12

Am-243 7.19·10-12 7.14·10-12 7.13·10-12 7.19·10-12 2.79·10-12

C-14 8.91·10-12 2.89·10-13 6.39·10-13 2.91·10-12 9.02·10-13

Ca-41 1.88·10-14 1.29·10-14 1.13·10-14 1.35·10-14 5.35·10-15

Cl-36 3.76·10-13 1.17·10-13 9.18·10-14 9·10-14 2.11·10-14

Cm-244 4.28·10-12 4.28·10-12 4.28·10-12 4.28·10-12 1.67·10-12

Cm-245 7.52·10-12 7.5·10-12 7.49·10-12 7.49·10-12 2.92·10-12

Cm-246 7.51·10-12 7.49·10-12 7.49·10-12 7.49·10-12 2.92·10-12

Cs-135 1.03·10-13 1.01·10-13 9.3·10-14 9.75·10-14 2.12·10-13

Cs-137 5.75·10-13 5.75·10-13 5.75·10-13 5.75·10-13 1.81·10-13

Ho-166m 1.15·10-13 8.91·10-14 8.19·10-14 8.16·10-14 2.78·10-14

I-129 2.01·10-11 1.16·10-11 7.81·10-12 9.71·10-12 4.26·10-12

Nb-94 1.85·10-12 1.82·10-12 8.93·10-13 4.49·10-13 1.18·10-13

Ni-59 1.33·10-14 8.44·10-15 4.74·10-15 4.42·10-15 4.13·10-15

Ni-63 5.67·10-15 5.66·10-15 5.63·10-15 5.62·10-15 2.09·10-15

Np-237 1.54·10-11 4.57·10-12 5.44·10-12 1.07·10-11 5.88·10-12

Pa-231 2.61·10-11 2.56·10-11 2.55·10-11 2.55·10-11 9.89·10-12

Pb-210 2.48·10-11 2.48·10-11 2.48·10-11 2.48·10-11 9.6·10-12

Pd-107 2.28·10-15 1.74·10-15 1.53·10-15 1.9·10-15 8.92·10-16

Po-210 4.33·10-11 4.33·10-11 4.33·10-11 4.33·10-11 1.67·10-11

Pu-239 9.09·10-12 8.93·10-12 8.95·10-12 9.13·10-12 3.55·10-12

Pu-240 9.06·10-12 8.92·10-12 8.94·10-12 9.08·10-12 3.51·10-12

Pu-242 8.74·10-12 8.57·10-12 8.59·10-12 8.79·10-12 3.45·10-12

Ra-226 1.09·10-11 1.04·10-11 1.04·10-11 1.22·10-11 4.79·10-12

Se-79 7.06·10-11 3.33·10-11 1.28·10-11 2.71·10-11 1.66·10-11

Sm-151 3.5·10-15 3.5·10-15 3.5·10-15 3.5·10-15 1.36·10-15

Sn-126 1.13·10-11 6.3·10-12 2.57·10-12 3.37·10-12 2.4·10-12

Sr-90 1.06·10-12 1.06·10-12 1.06·10-12 1.06·10-12 3.89·10-13

Tc-99 3.06·10-13 8.07·10-14 5.27·10-14 1.09·10-13 3.02·10-14

Th-229 1.75·10-11 1.75·10-11 1.75·10-11 1.75·10-11 6.82·10-12

Th-230 1.11·10-11 9.44·10-12 8.77·10-12 1.18·10-11 1.79·10-11

Th-232 8.26·10-12 8.25·10-12 8.22·10-12 8.2·10-12 3.2·10-12

U-233 2.62·10-12 2.36·10-12 2.1·10-12 2.14·10-12 1.57·10-12

U-234 2.67·10-12 2.29·10-12 2.05·10-12 2.05·10-12 2.49·10-12

U-235 2.44·10-12 2.14·10-12 1.95·10-12 1.94·10-12 6.57·10-13

U-236 2.22·10-12 2.05·10-12 1.91·10-12 1.92·10-12 6.54·10-13

U-238 2.15·10-12 1.97·10-12 1.83·10-12 1.84·10-12 6.26·10-13

Zr-93 4.52·10-14 4.18·10-14 4.03·10-14 4.04·10-14 1.59·10-14
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Table A9-5. Maximum LDFs for the Laxemar site for the interglacial period (-9000 to 9400 AD) 
modelled with well. Time refers to the time at which the maximum LDF is reached in the interglacial. 
N is the number of persons that can be sustained in the biosphere object at the time for the 
maximum LDF. 

Radionuclide LDF Time N Object

Ac-227 3.92·10-11 –2,250 69 206
Ag-108m 5.88·10-13 –1,150 69 206
Am-241 7.13·10-12 –2,750 69 206
Am-243 7.39·10-12 3,350 1 208
C-14 1.09·10-11 –4,150 <1 206
Ca-41 3.63·10-14 9,400 69 206
Cl-36 1.05·10-12 8,850 69 206
Cm-244 4.28·10-12 –2,750 69 206
Cm-245 7.61·10-12 3,350 1 208
Cm-246 7.56·10-12 3,350 1 208
Cs-135 2.12·10-13 9,400 <1 215
Cs-137 5.75·10-13 –2,750 69 206
Ho-166m 1.31·10-13 –2,450 69 206
I-129 6.51·10-11 –2,750 69 206
Nb-94 4.49·10-12 9,400 69 206
Ni-59 3.96·10-14 9,400 69 206
Ni-63 5.74·10-15 –2,750 69 206
Np-237 3.84·10-11 150 <1 207
Pa-231 2.81·10-11 9,400 69 206
Pb-210 2.48·10-11 –2,750 69 206
Pd-107 4.44·10-15 9,400 69 206
Po-210 4.33·10-11 –2,750 69 206
Pu-239 9.66·10-12 –1,100 1 203
Pu-240 9.46·10-12 –1,100 1 203
Pu-242 9.36·10-12 –1,100 1 203
Ra-226 1.70·10-11 –800 1 203
Se-79 2.79·10-10 –2,750 69 206
Sm-151 3.50·10-15 –2,750 69 206
Sn-126 3.44·10-11 9,400 69 206
Sr-90 1.06·10-12 –2,150 69 206
Tc-99 8.54·10-13 –600 69 206
Th-229 1.76·10-11 9,400 69 206
Th-230 2.73·10-11 –750 1 203
Th-232 8.35·10-12 9,400 69 206
U-233 4.26·10-12 9,400 69 206
U-234 5.04·10-12 9,400 69 206
U-235 3.97·10-12 9,400 69 206
U-236 3.17·10-12 9,400 69 206
U-238 3.11·10-12 9,400 69 206
Zr-93 5.96·10-14 9,400 69 206
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A10	 Laxemar landscape development and biosphere objects
The modelling of LDF’s, as discussed in Chapter A9, are dependent on site specific properties of the 
surface systems and are thus also on the landscape development. In addition, input to the comparison 
between the two sites is not limited to LDF values; other aspects can play a role in the optimisation 
of the disposal system and the site selection. For example, the duration of the periods when the 
potential exposure is the highest, the extent of the area that potentially can be affected by releases, 
and the viable use of potentially affected areas are aspects that are discussed in Chapter 9. 

A site description of the present Laxemar is found in /SKB 2009/ but the landscape development at 
Laxemar is not presented in a separate report. Instead the landscape development of the Laxemar 
area, and identification and description of biosphere objects used in calculations of LDF’s for 
Laxemar is presented in this appendix. The methodology used for identification of biosphere objects 
in Forsmark and Laxemar is identical (with the exception of hydrodynamic modelling, which is 
described below). 

This appendix does not give a full description methodology or processes involved in landscape 
development, but cover instead the site-specific conditions and aspect used to model the landscape 
development of Laxemar. For thorough descriptions of the methodology and terminology regarding 
the modelling of landscape development (e.g. shoreline displacement and succession of ecosystems 
from marine to limnic to terrestrial), the reader is guided to the SR-Site reports for Forsmark /SKB 
2010a, Lindborg 2010/. This appendix does not include a comparison between the sites, but is a 
report of the landscape development and of the site-specific conditions used to calculate the Laxemar 
LDF’s. The comparison between Laxemar and Forsmark is given in Chapter 9.

A10.1	 Topography and landscape development 
The topography has an effect on many processes in the landscape, such as lake formation, groundwater 
hydrology, surface hydrology, sediment dynamics in the sea, and therefore also on dynamics of 
radionuclides. The topography of a landscape is often described with a digital elevation model (DEM). 
The DEM is constantly changing throughout in the glacial–interglacial cycle. Many processes control 
these changes such as the glacial isostatic adjustment (GIA) and the transport of sediments. 

The future development of the Forsmark and Laxemar sites is modelled using the DEM together with a 
model of GIA, a coupled regolith model, and a model of the present and future streams. The modelling 
of the future landscape at Forsmark is thoroughly described in /Lindborg 2010/. The same methodology 
is used to model the future landscape development of Laxemar. Below follows a brief description of the 
modelling (whereas the description of the methodology is given in /Lindborg 2010/), i.e. the reader is 
guided to this report for an explanation of the use of different parameters and to get a general picture of 
the future landscape development. Herein the emphasis is on identification of differences in modelling 
between the sites, and a short description of the future landscape at Laxemar. 

DEM
The DEM is a required input to most models describing the surface systems. A high accuracy of the 
DEM is therefore important for the accuracy of many different types of results produced within the sur-
face modelling. The description of the DEM’s for Laxemar is given in /Strömgren and Brydsten 2008/.

Glacial isostatic adjustment and relative sea level
Glacial isostatic adjustment (GIA) is the response of the solid earth to mass redistribution during a 
glacial cycle /Whitehouse 2009/. During glacial periods the ice sheets at higher latitudes grow and 
the relative sea level falls. The opposite occurs during interglacial periods, i.e. the ice sheets melt 
and the relative sea level rises. The relative sea level (RSL) is defined as the elevation of the contact 
between the ocean surface and land. The relative sea level has been modelled for a glacial cycle, i.e. 
120,000 years applying the SR-Site Biosphere project assumptions that the next 120,000 years will 
be a repetition of the last 120,000 years (the Weichsel period). The RSL for this period at Forsmark 
is presented in /SKB 2010b/.

For Laxemar the RSL for the period was presented in /SKB 2006/. However, since then, an updated 
version of the RSL has been produced. The development of this updated RSL is described below.
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The present RSL change rate in Laxemar is approximately 1 mm per year with a north-south gradient 
of c 0.5 mm 100 km–1 with increasing rate to the north /Freden 1994/. In /Påsse 2001/ there is a com-
pilation of RSL data for Fennoscandia and one of the stations is located in Oskarshamn. /Påsse 2001/ 
also gives a method for transforming RSL data (altitude and age) into an equation that simplifies the 
use of the RSL in mathematical models. 

The small increase in the RSL curve for Laxemar c –10,000 AD coincides with the first lacustrine 
phase of the Baltic, the Baltic Ice lake. The abrupt rise in of the RSL curve (c. –8600 AD) coincides 
with the second of the lacustrine phases of the Baltic, the Ancylus stage. During the Ancylus stage 
the eustatic part of the RSL equation is replaced by the RSL equation for the lake thresholds places 
/Påsse 2001/. In the beginning of the stage the lake outlet was at Degerfors and during the late stage 
through the Danish sounds the so called Darss Sill. 

The Holocene RSL model can probably be extended into the future for a limited time period, but not 
longer than to the beginning of next glacial stage because only the remaining uplift after Weichsel 
is included in the equation. Future eustatic changes due to degradation of ice sheets (Greenland and 
West Antarctica) and the thermal expansion of seawater following global warming is not considered 
for Laxemar. For Forsmark this was considered in a special case, global warming case. In the base 
case, the model of future glacial stages presented in /Kjellström et al. 2009/ states that next glacial 
stage will begin at c 57,000 AD. In the same report, the RSL curve for Laxemar covering the 
complete Weichsel glacial cycle, is presented (the so called Whitehouse curve).

However, the curve from Whitehouse shows errors early in the period, while the Holocene curve has 
errors after c. 50,000 AD. For these reasons a combination of the two curves has been produced. The 
updated curve involves fixed RSL values of c 0 m at 2009 AD and 122,009 AD. The period from 
110,500 AD to 122,000 AD (corresponding to 9500 BC – 2000 AD) is best represented by the RSL 
equation from 2001 since this is based on measured values /Påsse 2001/. The RSL equation does not 
involve parameters for the future glaciations, so for the period from the next glaciations to 110,500 AD, 
the Whitehouse curve provides the only data that are available, and thus, the values from Whitehouse 
curve are used for the period 20,000 – 110,500 AD. The Whitehouse curve is nearly constant at 
c 20,000 AD (at c 45 m). Finally, the period from 2000 AD to 20,000 AD is calculated with a change 
rate of –0.00122 m per year at 2000 AD and a subsequently decreasingchange rate to connect to –18 m 
at 20,000 AD, since there are no processes during that period that can cause an increasing RSL change 
rate under a constant climate. The updated RSL-curve is shown in Figure A10‑1.
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Figure A10‑1. The updated RSL curve for Laxemar for the next glacial-interglacial cycle. 
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A coupled model for regolith-lake development
A coupled model for regolith-lake development (RLDM) has been constructed that can model the 
surface geology, stratigraphy, and thickness of different strata in the Forsmark area at any time 
during the studied glacial cycle /Brydsten and Strömgren 2010/. The same methodology was applied 
to the Laxemar area using the updated RSL curve for Laxemar (described above) and using a map 
of Quaternary deposits /Sohlenius and Hedenström 2008/ and a regolith depth model (RDM) for 
Laxemar /Nyman et al. 2008/. 

Methods to model present and future streams
Essentially, the methodology employed for modelling present and future streams in Forsmark, as 
described in /Lindborg 2010/, is applied also to Laxemar. For both sites, most existing streams are 
mapped by walking along the streams with GPS equipment /Brunberg et al. 2004a, b, Carlsson et al. 
2005a, b, Strömgren et al. 2006/. Remaining existing streams are copied from the official cadastral 
or terrain maps. Future streams are modelled with the ArcGis hydrological function using the DEM 
for 35,000 AD as input for Forsmark. For Laxemar, the DEM for 10,000 AD was used instead. 
Besides that, the methodology was identical.

Future landscape
Only three lakes are modelled in the study of Laxemar; the existing lake Frisksjön and the future 
lakes Inre Granholmsfjärden and Borholmsfjärden. All three lakes are (or will be) relatively deep 
and will be completely infilled in 13,000 to 24,000 years. The identification of biosphere objects 
and characteristics of those is further described in the next section.

 
A10.2	 Identification and description of biosphere objects 
Biosphere objects are areas with potential discharge of deep groundwater from the repository. The 
methodology for identifying biosphere objects in the landscape is the same for both sites. The derivation 
of biosphere objects for Forsmark is described in /Lindborg 2010/, where the terminology regarding 
landscape objects is described (e.g. geometries such as watersheds and sub-catchments, and processes 
connected with landscape development such as sedimentation and resuspension). The derivation of 
biosphere objects for Laxemar is described below, in which context the reader is referred to /Lindborg 
2010/ for detailed descriptions and definitions. In order to identify biosphere objects, the landscape has 
to be partitioned into basins. Biosphere objects are then chosen as those basins that contain discharge 
exit points from the repository. Below follows a description of the identification of basins, discharge 
points, and resulting biosphere objects for the Laxemar area.

Delineation of basins in Laxemar
The Laxemar landscape is divided into basins /Brunberg et al. 2004b, Brydsten 2006/, as shown in 
Figure A10‑2. 

Each basin includes a single lake (existing or future), or one single wetland (possible a completely 
infilled lake). The basin is defined as the catchment of the outlet of the object minus the catchment 
of the outlet of the next upstream object. The extents of the basins were established by field mapping 
of the water divides in the land part of the model area /Brunberg et al. 2004b/, and by GIS modelling 
using the DEM for the water divides that presently are beneath the sea /Brydsten 2006/.

Lake basins are linked together by streams (Figure A10‑3). The basins are grouped into three major 
branches: a northern branch with 8 basins (41% of the total area), a central branch with 8 basins 
(51% of the area) and a southern branch with 3 basins (8% of the area). 
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Figure A10‑2. Laxemar basins identified in /Brunberg et al. 2004b/ and /Brydsten 2006/.

Figure A10‑3. The hydrological network in the landscape model area for Laxemar.
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Characteristics of discharge points
The hydrogeological model traces the transport of water by following “water parcels” or “particles” 
from each canister position within the repository volume through the bedrock and soils up to the 
ground surface, see /Joyce et al. 2010/ for details. The positions where the particle traces reach the 
surface are called “discharge points”. The methodology to identify discharge points is the same for 
Laxemar as for Forsmark.

Discharge points have been used for the selection of basins treated in the landscape model. The data set 
holds c 40,000 records. Many of the traces never reach the surface and many enter the surface when the 
Laxemar area is covered by an ice sheet (at times later than 62,600 AD); these records are deleted from 
the data set. The number of records left after this deletion is 31,441. This methodology is cautious as it 
allows discharge also during permafrost conditions but is the same methodology as for Forsmark.

The spatial distribution of the discharge points of the regional model is shown in Figure A10‑4. Most 
of the discharge points are found close to the repository and a minor fraction are displayed in a NE 
direction. The most distant discharge points are located approximately 10 km from the repository. 
The spatial distributions of discharge points on basins are shown in Table A10‑1 and Table A10‑2.

Table A10-1. Discharge points in the northern, central and southern branches basins identified in 
the landscape modelling.

Branch No. discharge points %

Northern 1,336 4.2
Central 27,945 88.9
Southern 2,087 6.6
Other 73 0.2

Figure A10‑4. Distribution of discharge points calculated using the hydrogeological model /Joyce et al. 
2010/. The area of the proposed repository is marked with grey.
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Table A10-2. Number of discharge points by basin. 

Basin No. discharge points %

20 73 0.2

201 82 0.3

202 42 0.1

203 238 0.8

204 787 2.5

205 132 0.4

206 31 0.1

207 24 0.1

208 6,095 19.4

209 1,972 6.3

210 1,863 5.9

211 2,249 7.2

212 2,962 9.4

213 12,590 40.0

214 214 0.7

215 1,046 3.3

216 109 0.3

217 932 3.0

Table A10-3. Number of discharge points in lakes and % of total number of points. The only lake 
with high number of discharge points is Borholmsfjärden. 

Lake id Lake No. of discharge points % of total

201 Inre Granholmsfjärden 65 0.2

207 Frisksjön 0 0.0

208 Borholmsfjärden 6,043 19.2

The discharge locations are mostly situated at low-points in the landscape (groundwater discharge 
areas), but no more than c 20% of the points are situated in lakes (Table A10‑3) of which almost all 
are situated in the future lake Borholmsfjärden. One explanation for this is that the three model lakes 
in this study are located far from the proposed repository volume.

Resulting biosphere objects in the landscape model
In total there are 19 basins in the Laxemar landscape model (the Baltic Proper basin included, see 
Figure A10‑2). Basins that are treated in the landscape model are only those significant for the 
biosphere radionuclide model. These are either basins that contain discharge exit points (“primary 
basins”) or basins that are receiving surface water from primary basins but do not contain discharge 
points(“secondary basins”). Basins without discharge points and that are placed upstream primary 
basins are designated “tertiary basins”. 

In the Laxemar model area there are no secondary basins except the most downstream basin 2, which 
is the Baltic Proper (see Figure A10‑5). 
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Due to the shore line displacement, objects originating as marine basins are transformed to lakes and 
terrestrial areas. Lake isolation is a gradual process because of the transient sea level changes. The 
methodology for calculating isolation times for the Laxemar area is the same as used for Forsmark 
/Lindborg 2010/. The sea level at Laxemar is monitored at several places, but for the present assess-
ment data from Kungsholms Fort (1887–1983), situated to the south of the model area, are judged to 
best represent the whole model area. 

The lowest recorded level at Kungsholms Fort is –0.94 m (adjusted for shore line displacement to 
the national elevation system RH70) and the highest recorded level is +1.33 m /Sjöfartsverket 1992/. 
With the present shore line displacement rate (0.100 mm per year), a lake isolation period will be 
c 2,300 years. This means that it will take 2,300 years from the first time the lake is isolated from 
the sea at an extremely low sea level until the last time when brackish water is flowing into the lake 
at an extremely high sea level. 

Assuming that these extreme sea levels are constant over time, it is possible to use the shore line dis-
placement equation to calculate the isolation period for each lake (existing and future, Figure A10-4)
Since the shore line displacement rate in the Laxemar area has been continuously decreasing during 
the Holocene, the lake isolation durations are shorter for higher situated lakes. For objects without a 
lake stage, i.e. those forming streams and wetlands directly from marine basins, the same length of 
the isolation period as for Frisksjön has been used in the modelling.

Only one lake or wetland in each basin is treated in the landscape model. The extension of the only 
existing lake (Frisksjön) is mapped in the field /Brunberg et.al. 2004b/. The extensions of future 
lakes are modelled with GIS using the DEM /Brydsten 2006/.

Seven biosphere objects in Laxemar were excluded from calculations deriving LDF’s. The transition 
from the marine to the terrestrial stage without passing through a lake stage is not handled optimally 
in the model. Thus, for some objects the transition time is not adequately described. Therefore it was 
chosen to calculate LDF’s for the ten objects where there is a realistic description of the transforma-

Figure A10‑5. Biosphere objects in Laxemar. Basin 216 and 217 is merged to one basin (216) in the 
modelling. Basins 201, 203, 206, 207, 208, 210, 211, 213, 214, and 215 are used in the calculation of 
LDF’s for Laxemar. 
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tion between the marine and terrestrial stages. These objects are distributed within the model area 
and cover a wide range of sizes, and are therefore a relevant representation of possible biosphere 
objects at the Laxemar site. The calculations of LDF’s are based on objects 201, 203, 206, 207, 208, 
210, 211, 213, 214, and 215. 

Characteristics of the objects, such as isolation times from marine to terrestrial/limnic stages, alti-
tudes, and geometries of the lakes are found in Table A10‑4 to Table A10‑7. A number of parameter 
values (e.g. geometries and regolith depths) for a number of time steps for each biosphere object are 
obtained using the DEM and the RLDM. The parameter values are stored at /SKBdoc 1263189/.

Table A10-6. Characteristic values for the basins used in the landscape model. The First land 
parameter is the first date for the basin to hold land and the Last Sea parameter is the last date 
for sea within the basin(see figures above for maps of basins and biosphere objects).

Object id Branch First Land (AD) Last Sea (AD) Max Alt. (masl) Min Alt. (masl)

20 Other –8670 > 30,000 17.92 –44.70
201 Northern –8830 5170 21.00 –3.30
202 Northern –8990 –510 27.92 3.78
203 Northern –8920 –1540 24.40 5.83
204 Northern –8920 –3550 24.57 10.83
205 Northern –8950 –1900 25.80 6.61
206 Northern –9050 –4060 30.83 12.28
207 Northern –8940 –380 25.49 3.54
208 Central –8860 2500 21.88 –0.65
209 Central –8880 1910 23.37 0.07
210 Central –9030 –4320 29.69 13.04
211 Central –8820 2100 20.73 –0.17
212 Central –8620 –450 21.15 3.67
213 Central –9160 –1740 37.95 6.26
214 Central –9100 –2900 33.29 9.05
215 Southern –8810 17,620 20.30 –9.29
216 Southern –8890 1370 23.33 0.79
217 Southern –7630 –1790 16.61 6.38

2001 Northern –9340 –1540 48.23 5.83
2002 Central –9645 –3020 62.88 9.37

Table A10-4. Summary of significant dates for lakes treated in the landscape model. The Start 
parameter is the date of the earliest time that the lake is isolated from the sea, the Isolation 
parameter is the date when the lake threshold is at the mean sea level and the Stop parameter is 
the last date when brackish water flows into to the lake. The Ter-parameters are dates for succes-
sive lake infilling values where Ter 100% is the date when a wetland is fully developed. 

Object id Name Start 
(AD)

Isolation 
(AD)

Stop 
(AD)

Ter 50% 
(AD)

Ter 75% 
(AD)

Ter 100% 
(AD)

201_1 Inre Granholmsfjärden 3610 5040 6225 8200 11,600 29,200
207_1 Frisksjön –1080 –380 170 3800 5900 14,600
208_1 Borholmsfjärden 1450 2490 3340 5000 7300 16,100

Table A10-5. Physical characteristics of lakes used in the landscape model.

Object id 207_1 201_1 208_1

Name Frisksjön Inre Granholmsfjärden Borholmsfjärden
Area (m2) 126,432 592,000 1,083,344
Altitude RH70 (m) 3.54 –3.24 –0.64
Mean depth (m) 3.77 4.58 1.47
Max depth (m) 4.83 14.83 7.38
Volume (m3) 495,653 2,711,360 1,599,360
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A10.3	 Differences in hydrodynamic modelling used as input to LDF 
calculations

The same methodology has been used in the biosphere modelling for Laxemar as for Forsmark. 
However, some differences in methodology to derive input parameter values for LDF calculations 
exist, e.g. in the hydrodynamic modelling of the water residence times of the sea basins. The realism 
of both methods are similar and the differences will have small impact on LDF’s since it is generally 
the terrestrial objects that determine the LDF. Nevertheless, a brief description of the differences 
between the sites in methodology to derive hydrological retention times is presented below.

Differences in hydrodynamic modelling
Hydrodynamic models have been applied to estimate the residence times of the water in the marine 
basins in Forsmark and Laxemar during an interglacial /Karlsson et al. 2010, Engqvist 2010/. The 
residence time (here calculated as the average age of a water parcel, AvA days) is an important input 
parameter in the radionuclide transport modelling. It was calculated for a time span representing a 
landscape development of the regional model area from completely submerged stage to a terrestrial 
stage with lakes. In the Forsmark modelling, the AvA days-parameter was calculated for 13 years 
representative of various landscape stages between 6500 BC and 9000 AD. For each of the 13 years 
during the period, a hydrodynamic model was run for one year using the same external forcing from 
the atmosphere, the surrounding sea, and the runoff from land. The difference between the years was 
the bathymetry, as determined from /Brydsten 2006/. 

The method for calculating the residence time parameter for Laxemar was basically the same; 
calculations were made for the time span 3000 BC to 9000 AD, for 13 representative years, using the 
same forcing of the model. However, instead of the high-resolution three-dimensional model used 
for Forsmark, a numerical two-dimensional model, computing the AvA days for a set of discrete 
hydraulically coupled basins, was used /Engqvist 2010/. In addition to having a higher spatial resolu-
tion, the three-dimensional model calculates gradients within a basin, while the two-dimensional 
basin model calculates gradients in between basins. It has been shown that the realism of these two 
methods is similar /Engqvist and Stenström 2004, Engqvist et al. 2006/. The resulting AvA days 
values for Laxemar and Forsmark are presented in /Engqvist 2010, Karlsson et al. 2010/.

Table A10-7. Characteristics of the biosphere objects that develop from marine to terrestrial (with 
stream) objects without passing a lake stage.

Object id Name Area (m2) Comment Altitude (m) Hydrology

202_1 Gässhult 270,800 Modelled 5.3 Kärrviksån
203_1 Gäster 368,251 Property map 5.8 Kärrviksån
204_1 Brandegöl 94,400 Modelled 10.8 Kärrviksån
205_1 Olofskärr 88,800 Modelled 6.6 Mederhultsån
206_1 Marstrand 78,400 Modelled 12.3 Mederhultsån
209_1 Rågängarna 92,800 Modelled 2.4 Ekerumsån
210_1 Skettkärret 115,762 Modelled 13.0 Ekerumsån
211_1 Röängen 58,105 Modelled 2.9 Laxemarån
212_1 Bredängen 216,984 Modelled 6.9 Laxemarån
213_1 Klotängen 136,016 Property map 6.4 Laxemarån
214_1 Västregård 293,961 Modelled 9.7 Laxemarån
215_1 Storesund 109,600 Modelled –6.2 Glostadsbäcken
216_1 Glostad 98,786 Modelled 1.8 Glostadsbäcken
217_1 Svartekärret 12,800 Modelled 6.6 Glostadsbäcken
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