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Foreword 
 
The work presented in this report is part of the Swedish Nuclear Power Inspectorate’s 
(SKI) and the Swedish Radiation Protection Authority’s (SSI) SR-Can review project.  
 
The Swedish Nuclear Fuel and Waste Management Co (SKB) plans to submit a 
license application for the construction of a repository for spent nuclear fuel in 
Sweden 2010. In support of this application SKB will present a safety report, SR-Site, 
on the repository’s long-term safety and radiological consequences. As a preparation 
for SR-Site, SKB published the preliminary safety assessment SR-Can in November 
2006. The purposes were to document a first evaluation of long-term safety for the 
two candidate sites at Forsmark and Laxemar and to provide feedback to SKB’s 
future programme of work.  
 
An important objective of the authorities’ review of SR-Can is to provide guidance to 
SKB on the complete safety reporting for the license application. The authorities have 
engaged external experts for independent modelling, analysis and review, with the 
aim to provide a range of expert opinions related to the sufficiency and 
appropriateness of various aspects of SR-Can. This report presents an international 
expert evaluation of SKB’s handling of information from the site investigations in 
SKB’s SR-Can assessment. It is one of three parallel reviews by international expert 
teams, which have been undertaken to support the regulatory review by SKI and SSI. 
In addition to this review, separate teams were established to review the utilised 
safety assessment methodology and the representation of the engineered barrier 
system (EBS) in the safety assessment. 
 
The conclusions and judgements in this report are those of the authors and may not 
necessarily coincide with those of SKI and SSI. The authorities own review will be 
published separately (SKI Report 2008:23, SSI Report 2008:04 E).  
 
 
 
 
Bo Strömberg (project leader SKI)  Björn Dverstorp (project leader SSI) 
   





  

 

Förord 
 
Denna rapport är en underlagsrapport till Statens kärnkraftinspektions (SKI) och 
Statens strålskyddsinstituts (SSI) gemensamma granskning av Svensk 
Kärnbränslehantering AB:s (SKB) säkerhetsredovisning SR-Can. 
 
SKB planerar att lämna in en ansökan om uppförande av ett slutförvar för använt 
kärnbränsle i Sverige under 2010. Som underlag till ansökan kommer SKB presentera 
en säkerhetsrapport, SR-Site, som redovisar slutförvarets långsiktiga säkerhet och 
radiologiska konsekvenser. Som en förberedelse inför SR-Site publicerade SKB den 
preliminära säkerhetsanalysen SR-Can i november 2006. Syftena med SR-Can är bl.a. 
att redovisa en första bedömning av den långsiktiga säkerheten för ett KBS-3-förvar 
vid SKB:s två kandidatplatser Laxemar och Forsmark och att ge återkoppling till 
SKB:s fortsatta arbete. 
 
Myndigheternas granskning av SR-Can syftar till att ge SKB vägledning om 
förväntningarna på säkerhetsredovisningen inför den planerade tillståndsansökan. 
Myndigheterna har i sin granskning tagit hjälp av externa experter för oberoende 
modellering, analys och granskning. Denna rapport redovisar en internationell 
expertgranskning av SKB:s användning av data från platsundersökningarna i SKB:s 
säkerhetsrapport SR-Can. Det är en av tre parallella internationella 
expertgranskningar som SSI och SKI organiserat som stöd för myndigheternas egen 
granskning. De två övriga internationella expertgrupperna har granskat den metodik 
för säkerhetsanalys som använts respektive hanteringen av de tekniska barriärerna i 
säkerhetsanalysen.  
 
Slutsatserna i denna rapport är författarnas egna och överensstämmer inte 
nödvändigtvis med SKI:s eller SSI:s ställningstaganden. Myndigheternas egen 
granskning publiceras i en annan rapport (SKI Rapport 2008:19; SSI Rapport 
2008:04). 
 
 
 
 
Bo Strömberg (projektledare SKI)  Björn Dverstorp (projektledare SSI)  
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1 Introduction 
The regulatory authorities, SKI and SSI, are carrying out an in-depth review of the 
milestone ‘SR-Can’ safety assessment (SA), recently completed by SKB (SKB 
2006a).  Three separate groups of independent experts have reviewed the project and 
the authorities will consider their findings when they complete their own review 
work. One group has focussed on the treatment of the engineered barrier system in 
SR-Can (EBS Group) and a second group has concentrated on the overall safety 
assessment methodology (SAM Group).  These two groups were constituted 
specifically for the purposes of this review.  The third group (Site Investigation 
Group: SIG) comprises members of the two existing regulatory review groups, 
INSITE and OVERSITE, both of which have been tracking the site investigations 
since they began five years ago.  The individual members of the SIG are: 

Neil Chapman (Independent Consultant, Switzerland) (Chairman) 
Roger Wilmot (Galson Sciences Limited, UK) (Secretary) 
Adrian Bath (Intellisci Limited, UK) 
Joel Geier (Clearwater Hardrock Consulting, USA)  
Richard Klos (Aleksandria Sciences, UK)  
Ove Stephansson (GeoForschungsZentrum Potsdam, Germany)  
Sven Tirén (Geosigma AB, Sweden)  
Chin-Fu Tsang (Lawrence Berkeley National Laboratory, USA)  
Clifford Voss  (United States Geological Survey, USA)  
Anders Wörman (The Royal Institute of Technology, Sweden) 

SIG has directed its own review towards how site data and understanding of the sites 
(Forsmark and Laxemar) have been incorporated into the safety assessment work. 
Specifically, we were asked to assess whether, in SR-Can: 

� site specific information is accurately represented and fully utilised; 

� there is sufficient understanding of site features and processes for purposes 
such as risk calculation and assessment of long-term site evolution (and, if not, 
what improvements will be needed for SR-Site); 

� the site-specific information used in SR-Can is likely to be sufficient for SR-
Site (taking account of any database improvements emerging from the 
previous item). 

We were asked to pay particular attention to the following points: 

� quality and quantity of site data with respect to their use in SA; 

� data gaps with respect to the data requirements of models; 

� how data were abstracted for use in SA modelling; 
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� handling of uncertainty; 

� consistency in parameter choice and use across the various parts of the SA; 

� understanding of site evolution and how it is described, as a basis for the SA; 

� scenarios for future site evolution; 

� feedback from the SA to continued site investigations. 

To a large extent, both INSITE and OVERSITE were already familiar with many of 
these points, having been tracking them continuously since the start of the 
investigations. Consequently, SIG had the advantage of a firm understanding of the 
sites and of SKB’s understanding of them, before the review began.  The very specific 
feature of this review is, of course, the link to SA, and SIG began the review process 
with a keen interest in seeing how site knowledge would be translated into SA 
application. 
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2 Documentation and Review Procedure 
The volume of documentation produced by SKB in support of SR-Can is prodigious. 
We found SR-Can and its supporting reports to be well written and well organised.  
The Main Report (SKB TR-06-09, SKB 2006a) provides a well-integrated account of 
all the elements of the safety assessment in the appropriate timeframes. 

It has not been possible for all members of SIG to read all the documentation 
available. Instead, we focussed our review on the Main Report, with all members 
reviewing the full report, dipping into the supporting reports when we needed to 
follow up specific issues in more depth. We comment further on the supporting 
documents in Section 2.1, below.  The review procedure that was followed was: 

� initial review of the Main Report (and supporting documents, as necessary); 

� preparation of a list of questions of clarification to SKB (Appendix 2 and 3) – 
these were intended to improve our understanding of what had been done, but 
were also the opportunity to ask about SKB’s intentions on follow-up into SR-
Site on a number of issues; 

� evaluation of SKB’s written responses to the questions (Appendix 2 and 3) 
and development of a set of ‘Themes’ where we still needed to develop 
questioning in more depth in order to get a full understanding; 

� a full one-day hearing with SKB at which we were able to ask questions on the 
Themes (and any other topics): in order to have a fuller discussion, the 
Themes were communicated to SKB in advance so that participants could be 
better prepared to talk about them; 

� consideration of all of the material that had been developed during this process 
in order to prepare this report. 

Our report does not cover all of the topics on which we have questioned SKB, either 
in writing or at the hearing. Where we now have full understanding and feel that there 
are no important matters to raise with the authorities, these matters can be set aside. 
On the other hand, this report raises a few issues that were not included in the written 
questions or hearing. These are matters where we had sufficient understanding of 
SKB’s treatment but nevertheless feel there are issues to be raised with the 
authorities. 

2.1 Comments on supporting reports 

When first received, some of the supporting reports were not published. This 
restricted our review when the information in the Main Report was a condensed 
summary of a topic that required broad explanation and understanding along with 
presentation of the underlying site-specific data.   That problem has now been partly 
resolved, although key reports relating to the biosphere are still not available.  
Overall, however, SKB and contractors are to be congratulated for delivering a large 
amount of supporting documentation. 
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The presentation and justification of data (both site-specific and generic) in 
supporting reports and its abstraction for use in SR-Can (especially in relation to 
geochemical, hydrogeological and biosphere data) is not always easy to follow. In 
particular we found it difficult at times to trace back abstracted data to raw data 
sources.  Whilst this may be a result of the ‘interim’ state of acquisition, processing 
and interpretation of data, it detracts from the degree of confidence in the reliability 
and accuracy of the safety assessment exercise as it applies to the specific sites.  This 
should be addressed so that SR-Site will give readers and reviewers more confidence 
in the traceability of top-level data used in the assessment calculations.  More 
consistency will be expected in SR-Site in estimating uncertainties in data and in 
interpretative models, and in ensuring that all the conceptual and numerical 
uncertainties are propagated and traceable through to the assessments. 

2.2 Data sourcing and scientific peer review 

The weight and balance of scientific evidence and conceptual support for the 
parameters, processes and interpretative models that underpin the safety case is an 
important matter.  The literature cited as scientific support for the handling of 
processes and constraints on parameter ranges in SR-Can should have a ‘scientific 
weight’ that is appropriate to the influence that the processes and parameters have in 
the safety assessment.  This is not always the case, with some areas lacking enough 
supporting evidence.  SKB’s case becomes dependent solely on the ‘in-house’ 
research for some aspects.  SKB’s sponsored research programme leads in many of 
the scientific topics that are rather specific to repository performance, understanding 
of the geosphere in terms of long-term stability and ecosystem succession.  Much, but 
not all, of this research has been subjected to peer-review and dissemination to the 
scientific community in conferences and journals.  Moreover, in some areas, 
assumptions about processes and parameter ranges depend on limited observations or 
empirical data that do not necessarily justify generalisation.  Peer review and data 
sourcing are topics that should be subject to in-depth critical evaluation for SR-Site. 

2.3 Structure of this review 

As noted above, to facilitate discussions with SKB we developed a set of Themes 
around which much of the questioning at the hearings revolved. In the following 
sections we address each of these Themes in turn, discussing how we understand the 
situation to have been left at the end of the hearings and commenting upon issues 
arising that we feel to be of prominence for the regulatory authorities at this stage of 
the SKB repository programme. Given the ‘dry run’ nature of SR-Can, as an 
exploration of the best approach to the final safety analysis for licensing (SR-Site), we 
have commented frequently on where SR-Site might take a modified approach to that 
used in SR-Can.  
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3 Appropriate Depth for the Repository 
The selected depth of the repository is of considerable importance for safe 
construction and for safety performance. We asked for a clear description of the 
criteria on which depth ranges for a repository have been decided. SKB referred to the 
research report on Underground Design Premises (R-04-60).  

The design premises for repository depth are very general, stating requirements on the 
number of canisters to be deposited, that as favourable conditions as possible should 
be obtained with respect to rock mass stability, and that an efficient and flexible 
facility results. In the underground design D1 for Forsmark (R-06-34, SKB 2006b) 
section 3.2.5 the issue of depth of the repository is presented on just seven lines in the 
report with the conclusion that the design work should focus on the repository levels 
of 400 m and 500 m. In the Main Report (section 13.6.8, SKB 2006a), SKB describes 
the effects of repository depth on long-term safety with respect to salinity and 
upconing, length of transport resistance, fracture frequency and fracture 
transmissivity, groundwater pressure, rock stress and related risk of spalling, initial 
temperature, freezing and human intrusion. This list is satisfactory but lacks a ranking 
of the arguments and a set of criteria on which the selection of repository depth is 
founded. In response to written questions, SKB stated that, although they stipulated 
500 m as a reference depth for Forsmark it was judged necessary to decrease the 
depth to 400 m, in order to reduce potential spalling problems caused by the relatively 
high stresses at the site. Currently, SKB has an ongoing assessment on the possibility 
of further revising the depth at Forsmark in order to ensure that the repository will be 
placed in the very low permeable rock mass found below 350 m. 

In discussion during the Hearing, SKB acknowledged that there would be an interplay 
between the design premises and the management of groundwater inflow. They stated 
that the Site Engineering Group (SEG) will do some work to assess all the factors 
listed above but that elaborate sensitivity analyses would not be required – the choice 
of depth should emerge clearly from the SDMs. At Forsmark, it is believed that the 
stress regime might not present insurmountable problems for going somewhat deeper 
than currently considered. The requirements for additional support materials are only 
significant in the access and transport tunnels, not the deposition tunnels.   

Our view is that SKB will need to have a clear explanation of the depth choice they 
eventually make that does balance all the safety-related and design factors carefully. 
At present, it is clear that more weight is placed on some factors, which is to be 
expected, but a comprehensive explanation will assist the authorities considerably in 
assessing whether the most appropriate depth has been defined.    
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4 Spalling and the Excavation Damaged Zone (EDZ) 
Spalling is a relatively new phenomenon in the development of the KBS-3 system for 
Swedish rock conditions. The issue was brought up and discussed from SKB’s side by 
Martin, Christiansson and Söderhäll in 2001 (SKB TR-01-38). The high stresses 
measured at Forsmark and other rock mass similarities with the URL in Canada (e.g. 
low fracture frequency, relatively high strength, different stress regimes above and 
below major fracture zones etc.) have put a focus on stress-induced fracturing and 
failures such as microfracturing and spalling. These issues have been studied 
extensively at the URL for more than two decades. In 2005 SKB published a special 
study related to the potential for wedge failure and spalling in tunnels and deposition 
holes at the Forsmark, Simpevarp and Laxemar sites (SKB R-05-71). INSITE has 
reviewed this report and presented the results in an INSITE TRD in 2006. 

In the SR-Can main scenario, spalling is assumed to occur in deposition holes after 
deposition. The spalling zone is assumed to have a triangular cross section area of 
about 0.01 m2 with an extent from bottom to top of the deposition hole with an 
infinite hydraulic conductivity. On page 240 in the Main Report (SKB 2006a), SKB 
claims that at present there is no way to calculate directly the actual shape and depth 
of thermally induced spalling. INSITE asked what modelling strategy SKB will 
follow to estimate the dimension and extension of spalling and to approach the 
mitigation of spalling in SR-Site. SKB responded by presenting assumed dimensions 
of the spalling zone after deposition and, for the modelling strategy, SKB wants to 
draw from the experience made by AECL and University of Alberta from the 
experiments at URL. 

The SIG considers there to be two issues that SKB must address before SR-Site.  The  
first issue is the choice of modelling strategy by SKB to determine the shape and 
depth of drilling- and thermally-induced spalling in the deposition holes. The second 
issue is what methods SKB will consider for the mitigation of spalling from drilling 
and thermal loading and what the effects of spalling on safety will turn out to be. One 
approach that has been suggested as a method to reduce or prevent spalling in the 
deposition holes is de-stressing the near-field rock by slotting in the wall of the 
deposition holes.  

4.1 Impact of Spalling on Thermal Conductivity 

The damaged zone from spalling will be characterized by an increased porosity and 
thereby an associated reduction of thermal conductivity which might cause an 
increase of the temperature in the buffer. In response to our questions, SKB presented 
new calculations showing the increase in temperature at the inner buffer boundary of 
about 2.7 C. Since damage is assumed to cover only 30-35% of the periphery of the 
deposition hole, SKB reaches the conclusion that the effect of spalling on the 
temperature of the canister/buffer system can be ignored. 

In evaluating the effects of spalling, SKB has performed the calculations of 
temperature increase for three different rock thermal conductivity values: 3.5, 2.5 and 
1.5 W/mK. The experimental or theoretical basis to demonstrate that these reductions 
of ca 50% in thermal conductivity in the spalled zone of the deposition hole are 
realistic is not clear. The SIG notes that the conductivity values presented are more 
typical of intact rock and less typical for the spalled zone. For SR-Site, the SIG 
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recommends that SKB considers performing experiments to determine the thermal 
properties of the spalled zones of a deposition hole and/or conducting a more 
carefully defined theoretical estimation with more realistic and justified thermal 
conductivity values. 

4.2 Impact of the EDZ  

We are not convinced by SKB’s assertions that there is no hydraulically continuous 
EDZ along the tunnel and deposition holes, in the sense of a continuous but tortuous 
flow path with an order of magnitude (or more) higher hydraulic conductivity on the 
average. Some of SKB’s effort in this area has been through visual observations of 
crack lengths or geophysical measurements, such as acoustic emission, but not direct 
axial hydraulic measurements of flow or pressure. The hydraulic measurements would 
account for not only visually large cracks, but also the effects of microfractures that 
may connect cracks and fractures and the opening of existing fracture apertures. 
Careful flow permeability measurements (for example, at Yucca Mountain) have 
shown the presence of such a tortuous hydraulic flow path in the EDZ in fractured 
rocks. The SIG considers that the burden of proof of ‘no hydraulically continuous 
EDZ path’ still lies with SKB and recommends that SKB considers hydraulic 
experiments to support the non-existence of continuous but tortuous hydraulic paths 
in the EDZ.  

In the Main Report, SKB presents a conceptual model for the transport paths Q1, Q2 
and Q3 calculations (Figure 10-13, SKB 2006a). In developing the different models 
of relevance for the safety analyses, SKB has not allowed the EDZ along the tunnel to 
intersect a potential EDZ or spalling zone around the deposition hole where path Q1 
crosses the deposition hole.  Flow and transport might develop from the deposition 
hole through the spalling zone and EDZ to any regional flow path that crosses the 
tunnel. Since such a path might be a significant route for releases, SKB should 
consider whether to allow for this possibility in SR-Site. 

SKB has made a computer simulation that assumes a continuous and hydraulically 
transmissive EDZ with a 1.5 order of magnitude enhancement of hydraulic 
conductivity along the tunnels (but not the deposition holes). The results show that the 
EDZ has negligible impact on all safety functions. This is understandable because of 
the low hydraulic gradient in the vicinity of the repository. However, during glacial 
advance and retreat periods, the hydraulic gradients change in direction and can be 
large in magnitude. They may act directly along the EDZ in tunnels and in the spalled 
zones of the deposition holes. Yet, for the glacial simulations presented by SKB, no 
EDZ was included in the calculations due to resolution limitations. For SR-Site, there 
is a need for SKB to evaluate explicitly the impact of the EDZ on flow and transport 
during the glacial periods. 
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5 Transforming Site Data into PA Input Data 
Two key aspects of site data transfer to the safety assessment have arisen from our 
review. These concern the groundwater flow models and the biosphere models.  

With respect to the first of these topics, we reviewed not only the Main Report (SKB 
29006a) and the Data Report (SKB 2006h), but also the two supporting reports on 
flow and transport by Hartley and co-workers that were released in February 2007 
(SKB R-06-98, SKB 2006c and R-06-99, SKB 2006d). At the outset, we should state 
that, generally, SKB’s work on flow and transport modelling is at the state-of-the-art, 
and SKB’s discussions of site features and characteristics are also of a high scientific 
standard. Nevertheless, we have a number of concerns stemming from this review, 
which need to be addressed in the upcoming SR-Site Report. 

Our concerns relate to issues that have significant impact on the performance 
measures as defined in Hartley’s reports; namely, travel time from each canister 
position, initial Darcy velocity, path length and F-quotient, which represents transport 
retardation. These performance measures have direct implications on safety 
assessment and geosphere safety functions. 

5.1 Transition of site data to input for flow and transport models 

Extraction and transitioning of all the site information and data from the SDMs to 
input parameter values for flow and transport models are not clearly presented in the 
SKB reports. These need to be done in a systematic and deliberate way with 
awareness of the potential need for alternative structural models to be used in flow 
and transport simulations. The SIG considers the Data Report (SKB 2006h) to be a 
commendable effort in this direction, but more work is still needed to connect site 
data directly to the inputs needed for flow and transport models, for example: 

� the assignment of hydraulic properties to deformation zones (DZ) in flow and 
transport models for those DZs where no hydraulic measurements have been 
made at the time of SDM v 1.2;  

� the upscaling or downscaling methods used to obtain input parameters for the 
CPM and ECPM models.  

In the case of the CPM and ECPM models, site-specific data obtained from studies of 
core samples are of the scale of centimetres and from in-situ field measurement could 
be from meters to tens of meters (possibly more for certain Posiva flow-log 
measurements insofar as these may require a larger-scale network to yield steady-state 
flow, although such measurements likely still reflect a limited volumetric scale). 
These data may also contain spatial variability (heterogeneity). On the other hand, 
calculational elements or mesh cells in flow and transport models could be of scales 
which could differ from these by orders of magnitude, with homogeneous properties. 
Thus there is the need for systematic procedures for upscaling or downscaling, 
accounting for data support scales and scales of calculational elements where the data 
are applied. They should be documented and the methods explained and discussed.  
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For the DFN model, there is the question of representativeness; i.e. whether the basic 
DFN characteristics from site data are appropriate for use in a given rock block within 
the flow and transport model. This should be discussed.  

An important use of some of the site-specific data, particularly those from in situ 
interference tests and tracer tests, is calibration of parameters for the flow and 
transport models. Calibration studies are crucial to confirm the model parameters built 
up from detailed small-scale site data and it is not currently clear how well this has 
been or will be done.  This is discussed further in Sections 6.1 and 6.2. 

5.2 Groundwater flow modelling methodology.  

Alternative calculation models, such as CPM, ECPM and DFN models, need to be 
justified for their applicability to the site under study. For example, it is not clear 
either how CPM is justified for the Forsmark site, where fracture connectivity has 
been recognized as a main issue, or over what scale the justification is valid. The 
ECPM is supposed to be an upscaled DFN model, resulting in a continuum 
representation. This must also depend on the size of the calculational element used in 
the ECPM, relative to the scale (if any) at which the fracture network behaves as an 
equivalent porous medium. Again, it is not clear as to the extent to which this has 
been accomplished. Presumably if ECPM is developed well, it should reproduce the 
flow and transport results of the DFN model on certain scales. 

A number of detailed questions on methodology also remain. For example, whether 
the modelling method used in the ECPM model or DFN introduces some kind of 
inter-block dispersion for particle tracking so that some aspects of the potential long-
range channelling effect are smoothed out (see Öhman et al., Water Resources 
Research, Volume 41, W03016, doi:10.1029/2004WR003498, 2005). This, in 
addition to the fact that the sources of mobilised radionuclides are spread over the 
large area of the repository, may be the reason that the modelling results for different 
realizations of the stochastic fracture networks are similar. Another is that the 
directional permeability (as a function of flow angle) of a block is represented by a 
tensor in the ECPM, while it could well appear as a ‘starfish’ or ‘amoeba’ shape. Also 
the effective porosity in an ECPM block could well be direction dependent and yet it 
is represented by an average scalar value. All these introduce a smoothing effect, 
artificially reducing the channelling phenomenon at the regional as well as the 
repository scale. They should be evaluated in future work. 

Another issue to be resolved is the value of retention parameter and transport 
resistance in ECPM blocks or DFN fractures. One can reasonably assume that these 
parameters are different for fractures that are orthogonal to each other, since they are 
formed in separate geological episodes. Thus, these properties in each ECPM block 
can be anisotropic. The capability of both ECPM and DFN to handle such property 
assignments based on fracture orientations may be useful, if this is accounted for in 
the Hydro-DFN model that is used as the basis for DFN calculations and ECPM 
derivations from the DFN. 

5.3 Biosphere data 

The SIG recognises that SKB has collected site data relating to the surface 
environment (biosphere) in order to satisfy requirements under EIA regulations, as 
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well as for providing data to long-term safety assessment models.  Nevertheless, we 
have not found it easy to understand the relationships between site data and 
assessment data, nor do we consider that all of the assumptions made in deriving 
assessment data are well founded. 

Part of our concern is with the derivation and use of the assessment models 
themselves, and these issues are discussed further in Section 9. 

In addition to our concerns about the derivation of assessment models from the site 
descriptive models, we also have concerns about the amount of site data used to 
characterise both the site descriptive models and assessment models. 

In terms of the site-specific sampling and measurement programmes that support the 
site descriptive models, there is a relatively sparse distribution of stream measuring 
points and it is unclear if this is enough for providing a good understanding of the 
stream flow velocities.  Similarly, the spatial distribution of observation points used 
for estimating the thickness of quaternary deposits and water chemical parameters is 
limited, and hydrological time series are short (much less than 30 years – a common 
time series interval in hydrological contexts).  Somewhat surprisingly, neither SR-Can 
nor the supporting reports describing the site investigations include any statistical 
evaluation of data adequacy. Particularly, since Appendices 1 of the reports R-06-82 
and R-06-83 indicates that measured parameters often display a coefficient of 
variation of about unity, it would have been useful to analyse what this means in 
terms of the uncertainty in target variables (e,g. radiological doses) and need for an 
improved sampling scheme. Sections 8.1.5 in both mentioned reports reflect generic 
sensitivity analyses focusing on the mean values of the lumped parameters of the LDF 
approach -  not uncertainties due to spatial variability in more basic and actually 
measured parameters. Also the main report refers mainly to generic uncertainties 
without clear cross-reference between actually measured parameter variability and 
uncertainties in key prediction variables. Thus, unfortunately there seems to be a lack 
of criteria for determining the appropriate level of sampling to support the intended 
use of any site data in the safety assessment. 

Even without the concerns about the amount of site data supporting the hydrological 
modelling, solute transport response times (relevant to radionuclide transport) will 
differ from the hydrological response time because of the fundamental difference 
between the energy propagation and solute mass transport.  In this case, SKB has 
developed a retention model for streams (TR-05-03), but this model is not used in the 
biosphere reports (R-06-82, SKB 2006e and R-06-83, SKB 2006f).  In terms of 
assessment data, although there is site-specific geochemical information, the kd 
database is restricted to the SR-97 database.  The SIG believes that updating of this 
database to reflect more recent work is important to overall confidence in the 
modelling results. 

Assessment models also use the successional development of biosphere objects in 
calculations of radionuclide transport and doses. Data to support these models come 
from a wider area than the sites being investigated, which we consider appropriate 
given the sometimes limited distribution of suitable exposures or other evidence.  

Rather than performing biosphere calculations for an evolving system over a full 
glacial cycle SKB chooses to restrict the biosphere assessment model to a period from 
8,000 BC to 10,000 AD. The justification for this is that it corresponds to the 
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anticipated duration of the current interglacial period. However, radionuclide releases 
potentially occur well outside this period, albeit under tundra, glacial or recurrent 
temperate conditions. Numerical estimates of radiological impact for each alternate 
state are calculated independently assuming constant conditions throughout the 
18,000 year period. This approach to “long-term climatic evolution” means that 
transitions between climate states are not evaluated and the full extent of potential 
releases to emergent terrestrial ecosystems are not adequately addressed. The SIG 
considers that additional data and/or further justification of the use of the existing 
successional descriptions would be valuable. 

Overall, therefore, the SIG finds it difficult to see from SR-Can or the supporting 
literature (R-06-82, SKB 2006e and R-06-83, SKB 2006f) how assessment data 
concerning landscape, surface hydrology and radionuclide geochemistry and transport 
have been derived from site data. Specifically, it is unclear if the turnover times for 
selected radionuclides has been adequately assessed or future landscapes 
appropriately characterised, and hence whether there can be confidence in 
assessments of releases to the biosphere or the accumulation of radionuclides in the 
landscape during a continuous release.  These concerns relate directly to confidence in 
the results of dose assessments. 
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6 Uncertainties in Site Features and Groundwater 
Flow: the Link to Performance Measures & Safety 
Functions 

Site data necessarily contain a number of uncertainties, due to limitations of the 
observational data. It is easy for many of these uncertainties to be ‘lost’ along the way 
and not accounted for in the uncertainty assessment of performance measures or 
safety functions of flow and transport modelling. We list below some examples from 
SDMs that may not have been followed through to sensitivity studies and uncertainty 
evaluation in the supporting hydrogeological modelling reports by Hartley et al.: 

� Uncertainties related to transmissivity-size correlation in the DFN model. In 
this context, the SIG notes that other types of transmissivity-size relationships 
are possible that do not lie on a continuum of possibilities (uncorrelated, semi-
correlated and fully correlated) considered by SKB. For example, different 
fracture sets may have different correlation relationships. 

� Potential effects of spatial heterogeneity of hydraulic conductivity or fracture 
intensity and anisotropy of rock domains and fracture zones. The absence of 
available data at the site does not imply that their effects do not need to be 
evaluated, and they can be ignored only if it can be shown that the rock 
domain is indeed homogeneous and isotropic. 

� Potential impact of undetected deformation zones (Main Report, SKB 2006a, 
p.104) on flow and transport. 

� Down-dip extrapolation and characteristics of observed deformation zones, as 
well as connectivity between deformation zones. Connectivity between 
fractures is also an issue for the DFN model, where it is a key factor in 
determining flow-related migration properties of the rock (Main Report, SKB 
2006a, pp. 132 and 248). 

These uncertainties may be reduced by further site investigation, especially 
investigations during the underground testing stage (CDI), when relatively large-
scale, in situ, interference tests, and tracer tests may be performed. However many 
site data uncertainties will remain. Some of them can be shown to be insignificant or 
can be addressed through sensitivity analysis. Nevertheless, a careful and systematic 
procedure to track and document them is needed to ensure that they are all accounted 
for in uncertainty assessment of the safety case.  

6.1 Fracture size distribution and correlations among fracture 
properties 

A critical assumption in SKB's fracture network model is the power-law model for 
fracture size, and the notion that fractures and deformation zones form a “tectonic 
continuum” that can be described by a single distribution with two parameters. There 
is indeed some theoretical basis for this assumption from the field of fracture 
mechanics, and some (albeit very limited) empirical support.  Hence this is indeed an 
interesting and important case to consider, but other possibilities can be envisaged 
(for example, a hierarchical system in which there is a systematic relationship 
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between scales but not necessarily describable by a single distribution, and where 
larger features are increasingly complex rather than simple fractures). 

The SIG considers, however, that alternative models are also needed. It is not clear 
that the theoretical basis applies to rocks that have undergone multiple episodes of 
brittle deformation, often by reactivation of existing fractures, and in which the 
growth of fractures is limited by terminations against and stress-field interactions with 
other fractures. Fracture mechanics research (e.g. by Ze'ev Reches, in Israel) has 
shown that lognormal size distributions can develop in such circumstances.  

SKB recognizes the importance of this issue and of having projects to consider 
alternatives, including a nested lognormal model and a mechanistically based model 
(which might perhaps lead to a hierarchical system). SKB also indicates that it hopes 
to obtain results on the sensitivity of the power-law fit across multiple scales of data, 
to the various types of bias/censoring that are present, including bias due to linkage of 
lineaments and fractures. It will be important to follow the results of these studies to 
see if they result in alternative models with significant consequences for flow and 
transport, or for repository engineering. 

SKB continues to be optimistic about the possibilities for improved understanding of 
the fracture system, once they are underground. SKB will need to take into account 
the limitations on what can be learnt about fractures underground, specifically 
fractures of size larger than the tunnel dimensions. The report R-06-39 (SKB 2006g) 
appears to be important in this regard. 

SKB appears to be moving toward taking a broader view of the Minor Deformation 
Zone (MDZ) project, which the SIG views as a positive development as this may be 
their best chance to gain an understanding of how fractures scale in the 10 m to 
1000 m size range. SKB states that the MDZ project has demonstrated that this data 
gap is “populated” with structures. However the results thus far have been qualitative, 
and do not prove that the power-law model is quantitatively valid across these scales. 
The analysis of the MDZ project data will need to be followed to see to what degree it 
helps to resolve these important uncertainties. 

Even if the "tectonic continuum" assumption can be better supported, SKB might 
have underestimated the uncertainty in the power-law exponent (the log-log slope of 
fracture size vs. frequency). Inspection of the data (e.g. Fig. 3-6 in R-05-45 and Fig. 
5-70 in R-05-18) shows that the slope varies between mapping locations and mapping 
scales, considerably more than SKB has considered in their sensitivity studies 
regarding utilization percentages for deposition holes, as well as flow and transport 
behaviour. If SKB continues to use the power-law model in SR-Site, a more thorough 
set of sensitivity studies will be needed. 

Correlations between fracture size and other fracture properties are also important. In 
a comparison of the consequences of two different hypothetical correlations between 
fracture size and fracture transmissivity (in the DFN model), SKB’s results show that 
repository performance can be sensitive to this issue.  However, as noted above, other 
types of models are possible that do not lie on a continuum between the simple set of 
models that SKB considered (uncorrelated, semi-correlated, and fully correlated). For 
example, different correlations might exist for different fracture sets; indeed, for the 
case of Laxemar, SKB notes (SR-Can Data Report, p. 142) that "the importance of 
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anisotropy may have been underestimated in opting for a simplified hydraulic DFN 
model with the same transmissivity relationship for all fracture sets" 

Even for the suite of assumptions that have been considered, it is not clear that the 
impact on safety is necessarily a monotonic function of the degree of correlation, 
particularly when placement of canisters is conditional on the DFN realization, using 
SKB’s criteria for respect distance from discriminating fractures. The SIG considers 
that there will need to be a better justification for using a particular correlation model 
in SR-Site, or a way of demonstrating that the variety of possibilities has been 
adequately scoped.  

In the hearings, SKB acknowledged that this uncertainty cannot necessarily be 
bounded by considering uncorrelated, perfectly correlated, and semi-correlated cases. 
They expect that understanding of correlations will improve as more data become 
available, and pointed to the importance of cross-hole hydraulic testing as a method 
for evaluating the models. The SIG welcomes SKB's acknowledgement of the 
usefulness of large-scale testing for this purpose, but the authorities need to review 
this work to ensure that the tests that are actually carried out are adequate to 
discriminate among plausible alternative models. 

The SIG considers that SKB is taking a sensible approach to evaluating fracture 
connectivity but need to consider other factors. For example, “heterogeneity of 
fracture intensity” or “clustering” should be added as a critical factor affecting 
connectivity.  SKB’s plans to develop procedures for calibrating connectivity directly 
to results of single- and multi-hole hydraulic tests are presumably the outcome of their 
work on large-scale confirmatory testing, and these will need to be followed. 

The issue of a hierarchical structure to the fracture network, and its relationship to 
time-dependent transport parameters, will need to be recognized in applying models 
for the wide range of different timescales that must be considered in site descriptive 
modelling and safety assessment. SKB’s statement that this can be handled with 
variants seems optimistic. The risk is that models with incorrect connectivity could 
have other parameters calibrated to fit with existing data, yielding models that seem to 
fit site-descriptive data but are not reliable for predictions of site evolution. Variants 
may be useful for bounding a few aspects of the resulting errors (e.g. radionuclide 
retention parameters). However, it will be more difficult to assess how these errors 
affect understanding of future climate situations, e.g. intrusion of dilute glacial 
meltwater. 

6.2 Hydrochemical and palaeohydrogeological inputs to calibration 
and testing of groundwater flow and transport modelling at site 
scale 

The site-scale groundwater flow models (from which transport pathways are extracted 
for the safety calculation) have uncertainties arising from conceptual and geometrical 
approximations and assumptions (CPM, DFN, anisotropy, etc) and from estimations 
of parameters that represent groundwater flow and solute transport at different scales 
(see discussion above).  As noted in Section 5.1, calibration is the key to reducing 
uncertainties and making the models for different scales credible.   

It is not clear how far through the various DFN and CPM models this calibration has 
been used.  The SR-Can Data Report (SKB 2006h) states that “the DFN model is 
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validated by these comparisons” (i.e. hydrochemical comparisons).  One of the main 
areas of uncertainty in the larger scale DFN model and in flow-related migration 
properties is the connectivity of transmissive features, and SR-Can says little about 
this, other than to refer to cross-hole interference tests (Page 132 and Page 248 of 
Main Report, SKB 2006a).  SKB mentions the results of PFL testing to test 
connectivity but the scale of this must be very local.  The SIG believes that SKB will 
need additional data on hydrochemical and isotopic variations spatially through the 
two sites in SR-Site, and will need to interpret these to give greater confidence about 
large-scale connectivity and the larger scale hydrogeological heterogeneities that are 
referred to as “compartmentalisation”.  Several alternative models are mentioned in 
SR-Can (see for example the concepts of “too large diffusive exchange between 
matrix and fractures”, “compartmentalisation”, and “sparse fracture networks” as in 
R-06-30 (SKB 2006i)), and there is an expectation that uncertainty around this issue 
will be reduced in SR-Site. 

The site-scale ConnectFlow model in SR-Can has been calibrated by using it to model 
the palaeohydrogeology and past evolution of groundwater compositions and to 
compare the simulation of present-day conditions against the observed variations of 
groundwater compositions (salinity/chloride, stable O isotopes and M3 component 
waters) and matrix water compositions.  SKB has made impressive progress in 
developing this approach so that the large-scale hydrogeological model is consistent 
with a palaeohydrogeological interpretation of hydrochemical evolution.  It has 
become a major aspect of building confidence in the regional groundwater model.  
Calibration of the model against hydrochemistry has involved adjusting parameters 
including K, anisotropy and the F-factor.  If this calibration has a significant effect on 
the flow and transport model, SR-Site will need to provide confirmatory tests of its 
validity. 

In general, the comparisons of observed hydrochemical variations with 
palaeohydrogeological simulations of groundwater mixing are so far discussed in a 
qualitative sense.  The SIG notes that SR-Can does not indicate what SKB aims for in 
terms of more data and thus more quantitative calibration of the model, and how 
much more focus will be put into fully assessing the uncertainties in these model-data 
comparisons. SKB indicated at the hearings that they expect this approach to remain 
as qualitative support to the site-scale hydrogeological model and that it is not 
expected that additional data will make any great change from this position.  
Nevertheless, given the prominence of this approach in SKB’s site description of 
large-scale flow and solute transport, the SIG recommends that a systematic and 
robust analysis of the calibration be provided in SR-Site. 

SKB mentions calibration of the site-scale model against the observed heterogeneity 
of measured flows, but not of groundwater pressures.  INSITE has had previous 
discussions with SKB on the issue of calibration and the acquisition of groundwater 
pressure data, but SKB was reluctant to commit to measurements or analysis, citing 
the reliability/accuracy of measurements and the expected closeness to hydrostatic 
conditions.  The SIG considers that, now that there are groundwater flow models for 
the sites, the predicted distributions of groundwater pressures should be compared 
with actual measurements (e.g. from long-term monitoring).  SKB’s plans to use all of 
this to reduce uncertainties and to improve confidence in the hydraulic model in SR-
Site are not yet clear. 
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The SIG recommends that SR-Site also describes tests of the consistency between the 
calibrated model and the various hydrochemical indicators of groundwater ages and 
travel times.  SR-Can contains virtually no reporting and interpretation of carbon-14, 
chlorine-36, helium-4 and other geochemical data and their implications for 
groundwater ages; only stable isotope data have been used substantially in SR-Can.  
The SIG believes that the importance of hydrogeological characterisation of Laxemar, 
including hydraulic quantification of large-scale connectivity, is emphasised by the 
analysis of the reference evolution, from which it is evident that drawdown prior to 
closure could approach repository depth unless substantial grouting is used (Pages 
128-129 and Pages 213-215 of Main Report, SKB 2006a). 

At the start of the forward model of post-glacial groundwater mixing in the 
ConnectFlow palaeohydrogeological simulation, SKB assumes that glacial water 
occupies the rock entirely at repository depth of 450 m.  The implications for 
uncertainty if this assumption in the model were incorrect have not been explored 
systematically.   The SIG notes that although it seems to be a reasonable assumption 
regarding the initial state for the forward model, it is inconsistent with modelling of 
glacial water infiltration (Figures 9-91 & 9-92, page 346, Geosphere Process Report, 
TR-06-19, SKB 2006j).  That modelling suggests heterogeneous behaviour, with parts 
of the system not totally occupied by glacial water after an ice sheet has developed on 
the surface. 

ConnectFlow simulations of particle releases along the base case flow paths for 
groundwater movement from the surface to repository and transport paths from 
repository to biosphere at the locations of the Laxemar boreholes have been carried 
out in SR-Can.  The ConnectFlow model and the resulting particle discharge paths 
and travel times have been calibrated (and presumably will be calibrated for SR-Site) 
by comparison of the simulated palaeohydrogeological distribution of salinities with 
measurements (for example, the salinity versus depth curves in Figure 4-45).  The 
SIG has concerns, however, about the modelling simplifications and assumptions 
underpinning these results.  Neither the effect of an introduced impermeable surface 
at 2.3 km nor of a non-free groundwater surface have been thoroughly tested 
(although some preliminary tests of the latter were made as part of the Stage 1.2 site 
descriptive modelling).  These concerns are reinforced by the fact that the model 
prediction of “relatively fast migration of non-reactive species from near surface to 
depth” is challenged by the distribution of observed isotopic compositions.   

6.3 Parameters for solute transport modelling 

The SIG notes that SR-Can does not present a coherent model and assessment of 
uncertainties for solute transport at the scale of rock around the deposition holes, 
although some conceptual models are suggested for pathways.  The small-scale DFN 
model is used to simulate water movement and various approaches are being used to 
support the model with hydraulic test data.  SKB states that all unaltered rock has 
pore connectivity over at least several metres and possibly more (page 177, Data 
Report, TR-06-25, SKB 2006h), and studies in other rock systems are referred to in 
support of this statement.  The SIG believes that a conceptual model and experimental 
data for matrix diffusion and radionuclide sorption are required that are specific for 
the types of micro-fractures, the degree of rock alteration and the diffusive 
accessibility of the rock matrix.  The hydraulics of the DFN at this scale are being 
calibrated with hydraulic testing, e.g. SWIW tests, and there is some scope for 
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calibrating transport behaviour with the same tests and perhaps other types of tracer 
tests.  

Hydrochemical interpretation and M3 mixing modelling indicate that advective 
mixing is important over assessment timescales.  Dispersion is presumably 
represented and parameterised in the palaeohydrogeological advective model that 
simulates mixing of the different components over time (page 130, Geosphere Process 
Report, TR-06-19, SKB 2006j).  The SIG notes that the degree of mixing at any point 
may be as dependent on the dispersion term in the flow equation as on the parameters 
for advection.  SR-Site will, therefore, need to evaluate how uncertainties in the 
calibration of the site-scale hydrogeological are dependent on large scale 
hydrodynamic dispersion term and its scale-dependence (page 50 of Data Report 
(SKB 2006h) and page 130 of Geosphere Process Report (SKB 2006j)).  Dispersion 
should be modelled consistently in both the DFN-CPM modelling and in the FARF31 
model.  The conservatism of assumptions about dispersion should be tested in SR-
Site. 

6.4  Uncertainty in respect distances 

The SIG discussed with SKB the problem of how to consider structures that have an 
assigned respect distance but which terminate inside the repository volume. Two 
situations could occur, where a structure has a true blind termination inside the 
repository area or where a structure terminates against another structure that has no 
assigned respect distance. SKB appreciates that the present layout criteria for the two 
cases will need to be refined. 

For the future, it would be useful if field studies were to be undertaken to describe the 
damaged zone of fracture zones with blind terminations and, if the structure 
terminates against another fracture, to look at the types of displacements that could be 
transformed to the other fracture. In addition, the SIG notes that the position of a blind 
termination along a fault trace is likely to be more uncertain than the location of the 
fault plane, considering that topographic and geophysical signatures near such a 
termination tend to be less pronounced. This uncertainty will need to be taken into 
account in terms of including respect distances in layout options and in safety 
evaluation. 
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7 Criteria for Selecting Canister Deposition Locations 
SKB is still uncertain about how their development of acceptance criteria for 
hydraulic properties around deposition holes will be implemented.  Therefore there is 
a potentially large uncertainty about the hydraulic properties of DZs, ‘DFN’ fractures 
and connected micro-fractures that may intersect the deposition holes.  The near-field 
model COMP23 (page 399 of Main Report, SKB 2006a) makes simple assumptions 
about pathways away from the buffer in deposition holes – diffusion up to the 
fractured EDZ, diffusion into the tunnel backfill, and diffusion through the buffer into 
one of these fractures that intersect the deposition hole.  Uncertainty in flow-related 
migration properties, e.g. the F-factor, has been estimated by upscaling using various 
assumptions in the DFN model (page 112 of Main Report (SKB 2006a) and Section 
6.6 of Data Report (SKB 2006h)), although the ranges of geometries and hydraulic 
properties for the potential pathways seem to be poorly constrained.  The assumptions 
include (1) averaging of intra-fracture heterogeneities and neglect of channelling; (2) 
neglect of dispersion within fractures; (3) an assumption of simple correlation 
between transmissivity and transport aperture in each fracture and; (4) an assumption 
that the DFN model correctly represents the connectivity of the network on scales 
larger than a few tens of metres. Radionuclide transport in this near-field zone is an 
important aspect of performance and is subject to various stated, and perhaps some 
unstated, assumptions.  SR-Site will at least need to demonstrate that the approach is 
conservative and also that the conceptual alternatives are reasonably well constrained 
by measurements and statistical treatment of data.  It will be interesting to see how 
these near-field pathway concepts for the two sites might differ depending on the 
respective rock types and rock stresses. We look at some of these points in more 
detail below. 

7.1 Structures relevant to FPC/EFPC criteria 

We asked whether SKB has examined the consequences of possible errors in 
identifying structures that pertain to the FPC/EFPC (Full Perimeter Criterion / 
extended FPC), due to the less idealized geometries that occur in nature, or less-than-
ideal mapping conditions in the tunnels. SKB stated that a bounding analysis is 
performed by assuming no rejection of canister positions, and/or that only the FPC 
(with no additional criteria) be used. SKB takes the view that the FPC alone is very 
conservative. They indicated that SR-Site is likely to be based just on the FPC 
criterion, with the possibility to consider more sophisticated criteria once they are in 
the subsurface. 

7.2 Utilisation factors 

In response to a question about the QA status of the code for calculating utilisation 
factors, SKB stated that copies of the code (an Excel spreadsheet) had been provided 
to SKI. This spreadsheet has been examined. It is based on an analytical approach 
similar to that described in R-05-29, and appears to be internally consistent. However, 
the analytical approach has apparently been updated from R-05-29 and the full 
derivation has yet to be published. A report on the EFPC and FPC criteria that was 
cited in the Main Report (as SKB R-06-115) was still unavailable as of mid-May 
2007; since then the SIG has examined this report and found that it does not contain 
the updated derivation, but refers again the one given in R-05-29.  



 19 

 

Since the hearings, members of INSITE have undertaken preliminary independent 
calculations. Comparisons of these calculations and values reported in SR-Can 
suggest that SKB’s calculated utilisation factors may be optimistic. The SIG 
speculates that this discrepancy may be due to SKB assuming that the fraction of 
canister positions rejected is directly proportional to the frequency of full-perimeter 
intersections with a given tunnel, which would not be true if some intersections with 
the tunnel result in exclusion of more than one canister (this can occur for cases of 
gently-dipping fractures). 

The SIG also notes that SKB’s calculation apparently takes credit for smaller 
displacements close to the periphery of a discriminating fracture. While this is correct 
for the idealized ‘penny-shaped’ fractures commonly considered in the theoretical 
fracture mechanics literature, it does not necessarily hold for fractures that terminate 
against other fractures, which is a commonly observed feature in Swedish granitic 
bedrock. 

Further review of INSITE’s results, is needed to check these findings. In any event, 
the SIG considers the lack of a complete QA trail for SKB’s calculation of the 
utilization factor (i.e. the lack of a fully reported derivation to support the provided 
spreadsheets) to be a deficiency in SR-Can. 

7.3 Implementing the canister emplacement criteria 

SKB has not yet fully defined their methodology for implementing the emplacement 
criteria that have been proposed. If a deposition hole position is abandoned based on 
high flows to a pilot hole, SKB suggests that results of the borehole sealing project 
may be applicable. If a deposition hole is abandoned after it is fully excavated, SKB 
suggests that the hole will probably be filled with bentonite blocks. The SIG considers 
these proposals to be reasonable but notes that the methodology is not completely 
defined at this point.  

In general, the SIG considers SKB’s answers on deposition-hole criteria and their 
understanding of how the fracture system scales to be satisfactory in terms of 
describing the state of their thinking, although it is notable that SKB acknowledges 
the need for further R&D on nearly all counts. These criteria appear to be crucial 
components in the present design concept, so these developments will need to be 
followed closely. 

7.4 Spalling and the ability to identify suitable locations 

The SIG notes that the risk of an immediate need for reinforcements of the tunnel due 
to spalling or other types of rock instability increases with increasing depth and may 
require the early use of shotcrete. This would affect the fracture mapping of the 
tunnels and the ability to apply the FPC for location of deposition holes. SKB will 
need to consider how to cope with this eventuality by the time of SR-Site. 
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8 Effects of Glaciation 
There are two major parts of the glacial cycle relevant to future hydrogeological and 
hydrochemical conditions at the proposed sites: (i) periods of permafrost, which could 
start within 10 ka into the future and be rather prolonged, and (ii) periods of full 
glaciation, which could start at around 50 ka and would be more short and sharp; say 
5 to 10 ka duration.  The reference evolution in SR-Can includes the impact of both, 
for which timescales are within a period when safety focuses on performance of the 
EBS.  These are the most dramatic changes of external conditions that the repository 
will experience.  There are large uncertainties in sub-glacial hydrology and in the 
impact on groundwater compositions at repository depth, and also in the potential 
impacts of permafrost. 

The main hydrochemical effects of these two phases of the glacial cycle are 
respectively the freezing out of solutes as permafrost forms resulting in a saline water 
layer beneath the freezing front (assumed maximum depth 300 m, page 342 in Main 
Report, SKB 2006a) and the injection of a pulse of fresh oxygenated melt water 
whilst the ice front is over the repository location.   

For the permafrost stage, SKB argues that, due to dilution, salinity at repository depth 
will not reach a level that would lower the integrity of the buffer and backfill.  SKB 
also accepts that upconing of deeper saline water could occur during permafrost and 
needs to be considered further.  Considering that the duration of the permafrost stage 
is much longer, and earlier, than that of the glaciation stage, the potential 
hydrogeological and geochemical impacts of permafrost and the overall uncertainties 
about these processes will need to be analysed more comprehensively in SR-Site.  For 
example, the potential for taliks beneath lakes to concentrate discharge from the deep 
system should be considered. 

There is not much evidence from analogue processes to provide a strong scientific 
basis for an assessment of possible glacial impacts, so a robust justification for the 
assumptions and models for dealing with this issue will be looked for in SR-Site.   

8.1 Infiltration of sub-glacial oxygenated groundwater and the 
geochemical model for oxygen consumption 

For the glaciation stage, SR-Can assumes that very high transient hydraulic gradients 
(5-8 times present gradients) will exist and that they could cause oxygenated dilute 
water to move downwards relatively rapidly with travel times of perhaps just a few 
years.  Therefore it is conceivable that oxygen could reach repository depth and thus 
cause a corrosion threat to the canisters.   

Two cases of 40 and 1300 years duration for the ice-sheet edge being over the 
repository location are considered and a range of sub-glacial hydraulic gradients are 
assumed (page 341, Main Report, SKB 2006a), giving modelled travel times back 
from repository to surface of less than 10 years in some cases, though these are said to 
be ‘unrealistic’ (page 83 in Groundwater Chemistry over a Glacial Cycle, TR-06-31, 
SKB 2006l).  The evidence to support 1300 years as the longest time for which 
meltwater would infiltrate is unclear, and there are large and rather unconstrained 
uncertainties in travel times, in the duration of the glacial water ‘pulse’, and in the 
nature of the resulting hydrochemical anomaly. 
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There are not many published investigations of modern analogues of relict evidence 
from past glaciations.  This makes it difficult to constrain site-specific models of 
future glacial impacts on hydrogeology and hydrochemistry and puts the burden on 
SKB to show that the full range of possibilities will be covered in SR-Site.  The SIG 
recommends that SR-Site should consider the possibility of longer times for enhanced 
melt water infiltration, or provide evidence which positively excludes this, and should 
consider not just the impact and attenuation of oxygenated water but also the other 
effects of glacial hydrogeology such as altered flow paths and discharge zones from 
the repository zone during this period.   

SKB argues that geochemical reactions with reducing minerals will consume the 
oxygen in infiltrating glacial waters (pages 84 and 89 of the Geosphere Process 
Report, SKB 2006j).  These reactions would occur in either the fractures or in the 
rock matrix, or by both processes (page 350 Main Report, TR-06-09, SKB 2006a).  
SR-Can does not discuss the geochemical evidence that these processes have operated 
in the past.  The SIG recommends that SKB should study site-specific evidence of 
past oxygen-consuming reactions in bedrock at Forsmark and Laxemar, e.g. in 
mineral oxidation patterns, FeII/FeIII ratios.  

The SIG considers that the effort put into developing conceptual and numerical 
models for dissolved oxygen attenuation by the bedrock, i.e. by reactions with FeII-
containing fracture minerals and by matrix diffusion and reaction with primary FeII-
minerals, is impressive and that the evidence from Äspö HRL experiments and from 
natural systems is compelling.  SKB’s research report ‘Groundwater Chemistry over a 
Glacial Cycle’ (TR-06-31, SKB 2006l) supports the modelling of this scenario and 
considers two alternative conceptual models – one with oxygen in-diffusing and 
reacting in the matrix and the other with oxygen reacting with secondary minerals in 
the fractures.  Nevertheless, site-specific data for the relevant geochemical and 
mineralogical properties, such as the availability of FeII minerals (pyrite, chlorite and 
biotite) in the fracture fills, altered rims and rock matrix, will be needed in SR-Site.   

Uncertainties in supporting data for reaction kinetics, matrix diffusion and other 
factors in the geochemical modelling of oxygen attenuation should also be 
considered.  SKB’s present model assumes fast reaction kinetics although uncertainty 
ranges are probably orders of magnitude.  SKB also assumes accessibility of relevant 
reducing minerals in the matrix and/or in fractures (for example, calcite precipitation 
over existing secondary minerals has been seen in such situations).  The SIG notes 
that these factors, combined with the possibility of very short travel times (which also 
reduces the F-factor for any radionuclide transport), mean that this modelling does not 
yet cover the pessimistic scenarios.   

SKB has recently published further site-specific data reports and generic 
process/modelling reports, in addition to TR-06-31 (SKB 2006l).  The SIG has not 
had time to review all of these as part of its general evaluation of SR-Can.  A 
specialist review will be carried out in the next few months and delivered to SKI later 
in 2007. 

8.2 Other potential geochemical impacts during a glacial cycle 

In addition to uncertainties in the model(s) for the consumption of dissolved oxygen 
as sub-glacial water flows downwards at potentially high rates, there are also 
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uncertainties about other potential hydrochemical impacts of sub-glacial groundwater 
movements.  For example, sulphate influx and microbially-accelerated reduction to 
sulphide is another process that might accelerate canister corrosion.  The scenario 
where these processes were coupled with the erosion of buffer due to higher 
groundwater velocities into deposition holes (see below) and the generation of 
colloids from buffer and backfill needs to be considered in SR-Site. 

SR-Can presents a generic concept for glacial impacts on groundwater compositions.  
This is a consequence of the background of sparse research on this topic, as well as 
perhaps being considered by SKB to be the most practicable approach and one that is 
defensible as being “conservative”.  Evidence for site-specific responses to glacial 
effects at Forsmark and Laxemar should be examined in SR-Site.   

For example, modelling (‘Regional Groundwater Flow for a Glaciation Scenario, 
Simpevarp Subarea’, R-06-100, SKB 2006l) suggests that fresh melt water 
penetration is rather localised and therefore would be expected to be different for the 
two sites (page 99 of Data Report (SKB 2006a) and page 76 of ‘Groundwater 
Chemistry over a Glacial Cycle’ Report (SKB 2006k)).  The modelled salinities for 
the glacial scenarios (Figs 4-2 and 4-3 in TR-06-31, SKB 2006k) show fresh water 
pushed to >1000 m depth under the warm-based ice sheet, and remaining there when 
the ice sheet retreats.  When the ice sheet retreats, there is likely to be a lateral and 
upwards transient hydraulic gradient from the deeper saline water into the fresh 
glacial water that would cause saline water to flow into the fresh water lens.  This 
might correspond to what is found in the present regime at Laxemar. 

8.3 Bentonite buffer loss or redistribution under glacial and present 
conditions 

SR-Can states that bentonite buffer may be lost when it is exposed to glacial melt 
water flow, but the extent is uncertain.  This presumably depends on groundwater 
flow velocity or flux, and also on whether there are stabilising minimum cation 
concentrations.  If there is not a specific threshold condition that controls this effect 
on bentonite, then it is possible that it will also occur, but just more slowly, in 
ordinary groundwater conditions especially where there is fresh groundwater at 
repository depth as at Laxemar.  This has been examined as a ‘stylised case’ in 
Chapter 9 of the Main Report (SKB 2006a).  Though large-scale bentonite loss seems 
unlikely because of the volumetric constraints, a redistribution of bentonite from 
buffer and backfill would perhaps be a non-negligible possibility.  The implications of 
this have not yet been fully considered.  The uncertainties about movement of water 
around deposition holes are described in more detail in the reference evolution, 
suggesting that inflows at Laxemar would be ‘considerably higher’ (page 23, pages 
217-219, page 356; Main Report, SKB 2006a).  Perhaps insights on this issue have 
been gained from experiments in the Äspö HRL. The SIG considers that this scenario 
will need to be considered comprehensively in SR-Site, by both empirical testing and 
modelling. 



 23 

 

9 Development of Biosphere Assessment Models 
The system-level assessment models in SR-Can do not explicitly model the biosphere, 
but rather use landscape dose factors (LDFs) to calculate dose on the basis of 
radionuclide fluxes from the geosphere. In this review, therefore, biosphere 
assessment modelling refers to the stage of calculating LDFs rather than to the final 
calculation of doses and risks. 

9.1 Justification of assessment models 

One concern of the SIG is that the compartmental biosphere models utilised in the 
safety assessment are largely those of the SR97 assessment.  SKB cannot, therefore, 
assert that the model structure and principal process representation underpinning the 
biosphere assessment models are derived from site knowledge, nor that best use is 
being made of the available data.  SKB provides a list of aims describing the 
necessary types of knowledge required for more comprehensive and detailed 
biosphere assessment models, but the SIG considers that these models, and much of 
the associated data, will need to be developed and documented prior to SR-Site if 
there is to be any confidence in their use. Main constituents of the compartmental 
models include the discharge that is measured on the site, water volumes that are 
roughly estimated, transversal (e.g. vertical) exchange rates between water volumes 
and a large range of geochemical parameters leading to retention of radionuclides. 
With a possible exception for the discharge the other factors exhibit significant 
uncertainties in the relationship between site observations and model development. 

Development of new assessment models will need to be accompanied by a FEP 
analysis or similar identification and justification of the processes included.  
Currently, there is neither detailed discussion nor justification of the assessment 
models. The SIG has the strong impression that the important parts of the assessment 
data base include generic parameters of the transport and accumulation models, rather 
than measurable properties reflecting processes being accounted for in the FEP 
analysis combined with derivation of parameter values from site data. 

The absence of a FEP analysis or similar approach is also illustrated by the gap 
between the site descriptive models and the assessment models.  The site descriptive 
models are full of detail that does not translate to the assessment models, and the 
genuinely novel approach to detailed transport and accumulation modelling (the 
ecosystem modelling of carbon fluxes) is not yet carried over into the assessment 
model.  Without a link between the site and assessment models, the SIG considers 
that the influence of the carbon flow models on the assessment-level compartments, 
or indeed the justification for developing them, remains unclear. 

9.2 Derivation of LDFs 

A key difference between the SR-Can assessment models and the SR-97 models lies 
in the use of LDFs rather than ecological dose factors (EDFs).  Notwithstanding 
SKB’s intentions to develop new biosphere assessment models, there are questions 
concerning the development and use of LDFs that are worth raising if similar 
concepts are to be used in the future.  In one sense, the LDFs are the assessment 
model, because their role is to express all of the radiological information about the 
sites as a single, nuclide-specific, number that can then be applied as a scaling factor 
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to geosphere releases.  It is appropriate, however, to also regard the derivation of the 
LDFs themselves as part of the assessment model. 

Both EDFs and LDFs are evaluated on the basis of unit releases (1 Bq y-1) from the 
geosphere.  This approach is well established for localised releases to a single object 
(i.e., EDFs), but LDFs are evaluated on the basis of simultaneous release to all 
landscape objects. In SR-Can, the release fraction to each landscape object as a 
function of time is determined by the number of release points compared to the 
overall number of release locations.  The SIG does not consider this to be a realistic 
assumption.  

Groundwater release points in the surface environment are based on the fracture 
network, so that the individual release locations are intimately linked to the canister 
which fails and, under such constraints, it is highly unlikely that simultaneous release 
to multiple landscape objects would occur. SKB claims that this release function 
provides a probabilistic sampling over the landscape, but the SIG considers that a 
demonstration of the validity of this assumption must be provided if the approach is to 
be used in the future.  

A further concern with the applicability of LDFs as they are calculated in SR-Can is 
that no account is taken of changes in climate during the evolutionary sequence as 
modelled. LDFs are calculated for three different climate states independently.  Thus, 
although other environmental changes are included in the model description (e.g., 
shoreline movements and landscape succession), concurrent changes in climate are 
not.  The SIG considers that SKB needs to demonstrate that significant synergistic 
effects are not being  neglected through this approach. 

9.3  Application of LDFs to risk calculations 

In addition to concerns about the traceability of the assumptions and simplifications 
made in deriving LDFs, the SIG raised questions about their application. 

SSI’s guidance (SSI 2005) introduces the concept of alternative risk criterion 
depending on the size of the exposed group.  The wording of the guidance suggests 
that the authorities intended only that a simplified classification of exposed groups be 
used in determining whether a particular release pathway would expose relatively 
large numbers of people or a few individuals.  SKB has extended this concept to the 
calculation of the risk to a representative individual through the use of carbon 
productivity to determine the number of individuals that could be supported by 
particular biosphere objects.   

SKB has combined information on the productivity of biosphere objects, and the 
resulting number of individuals potentially exploiting each object, with the calculated 
doses to these individuals, and then used the resulting distribution to calculate a risk 
for the most exposed group and hence to demonstrate compliance with SSI’s guidance 
(SSI 2005). In this calculation, the unit release (1 Bq) from all canister positions 
simultaneously is, however, distributed over several landscape objects, which is a 
procedure that leads to dilution also for the most exposed group.  The SIG has some 
concerns with this approach, both in terms of the overall approach and also in the 
details of its application. We believe that a leakage is likely to occur from one or only 
a few canisters, which would give rise to higher doses in each scenario also in a 
probabilistic analysis. 
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The SIG does not consider that SSI’s guidance (SSI 2005) requires, or anticipates, 
calculation of a continuum of risk as a function of the number of exposed individuals.  
Thus, although the calculations in SR-Can do not necessarily show that calculated 
risks are close to the regulatory constraint, the SIG believes it would be a mistake to 
rely on this approach for demonstrating compliance. 

Notwithstanding this concern, the SIG notes that SKB should describe in more detail 
the derivation of the log-normal distribution, including the criteria used to fit the 
curve (the example shown in Figure 10-4 of the SR-Can Main Report (SKB 2006a) 
does not appear to be well-fitted), and how the distribution presented has been 
truncated at both the upper and lower ends.  The definition of the tails of the fitted 
distribution is important because the calculated mean risk is sensitive to the effective 
dose for the most exposed individual. 

SKB asserts that the carbon productivity approach avoids any assumptions concerning 
diet: “We do not need to assume a specific diet as we assume that for natural systems 
everything that is produced is eaten by the exposed group.” However, the SIG 
remains to be convinced that use of SKB’s newly derived aggregated transfer factors 
(TFagg) is satisfactory. The SR-Can methodology does not account for differential 
accumulation in foodstuffs and does not represent diet correctly. SKB’s “exposed 
group” may well consume all of the carbon production but this does not mean that a 
reasonable expression of individual exposure is the result. SKB’s TFaggs are an 
averaging mechanism, they do not provide an adequate expression of the range of 
potential individual exposure. SKB’s assumptions about carbon budgets and 
production also appear to neglect the potential role of dissolved radionuclides entering 
the foodchain through animals drinking contaminated water. 

The emphasis of SKB’s approach is on doses received through consumption of 
carbon-based food and it therefore appears to downplay other potentially significant 
doses received through other forms of resource exploitation.  In un-productive 
landscape objects, activities such as woodland management may be more significant 
than food consumption.  The SIG notes that this emphasis parallels the description of 
the sites, with the physical characteristics, including carbon budgets, very well 
described, but only a limited description of human societal characteristics.  SKB’s 
approach also restricts exposed individuals to consumption from a single landscape 
object on the assumption that this somehow maximises individual exposure. This 
assumption fails to account for, say, a hypothetical case in a trading community 
where, by ill chance, an unlucky individual might consume crayfish from a highly 
contaminated freshwater stream, agricultural produce from another highly 
contaminated agricultural object, combined with berries, fungi & game from a highly 
contaminated mire, etc. The potential for increased individual dose with sources 
drawn from across the landscape has not been addressed and the SIG therefore 
considers that the argument for discounting consumption from several objects has not 
been made.  

Although SKB has provided a general indication of its intentions regarding biosphere 
modelling and dose calculations prior to SR-Can, members of OVERSITE have not 
had a previous opportunity to review the approach in detail or to compare results with 
other approaches. International publication and, thus, independent reviews should be 
an important part of such an important step.  The SIG recommends that SKB does not 
apply innovative approaches for the first time in key milestones (such as SR-Can or 
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SR-Site), but adopts a programme of regulatory and peer review so that there can be 
confidence not only in the particular approaches but also in the overall results that 
such approaches support. 
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10 Other Topics 
A number of more specific topics have arisen during the review process that do not fit 
readily into the major themes discussed above and which are recorded on the 
following pages. 

10.1 The future of the Äspö HRL and the SFR and their potential impacts 
on repository evolution 

In response to questions, SKB has indicated that it plans to seal but not necessarily to 
backfill the Äspö HRL. The negligible influence of the HRL during present-day 
conditions is largely due to the constant-head boundary caused by the Baltic channel 
between Laxemar and Äspö.  This will not be the case for future, lower sea levels 
(starting about 1000 years after closure under the reference-case evolution). The 
possibility of future human intrusion by breaching the HRL seals and use of the 
underground space (if it is not backfilled) may need to be considered under future 
late-temperate period climate situations that involve lower relative sea levels. 

The Äspö HRL facility is located in a recharge area and bordered by structures that 
demarcate the Laxemar sub-area. If the Äspö HRL is just to be sealed, it will form a 
major groundwater reservoir. SKB should thus consider what would happen to the 
HRL during periods of deep penetrating permafrost and the most likely consequences. 

Similar questions could be posed with respect to whether SFR could have any 
influence on a repository located at Forsmark. 

10.2 Ore Potential and intrusion risks at Forsmark  

The Forsmark area is located within an ore province, Bergslagen.  INSITE has 
addressed this issue previously and agrees with SKB that the granitoids in the central 
part of the Forsmark lens have a dearth of minerals of economic interest. 
Nevertheless, the site is located in an ore province and ore-bearing lithologies occur 
just outside the granitoids, where mineralization has been mined on a small scale. In 
this environment a repository for spent nuclear fuel will form a geophysical anomaly 
(magnetic and gravity) that may draw the attention of future prospectors. As a part of 
SR-Site, we recommend that SKB should consider modelling the geophysical 
character of a repository to evaluate whether such an occurrence is feasible, or 
whether a repository would have geophysical characteristics that will indicate to 
future prospectors that the repository anomaly is not an ordinary mineralization, but 
something else. 

Rock Domain 21 has ore potential and is located in a discharge position relative to the 
repository target area.  This is currently mainly located below sea level and it has 
probably not been subject to mineral prospecting. The airborne geophysical 
measurements performed by SKB in the regional Forsmark area have not indicated 
the existence of any magnetic ore body in this rock domain. However, the existence 
of non-magnetic mineralization cannot, so far, be excluded. The possibility of future 
mining in Rock Domain 21 equally cannot be totally excluded and, if mined, the mine 
may be left open when abandoned (cf. section 10.1).   
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SKB indicates that this issue may be addressed in SR-Site if there are indications of 
the existence of a hydraulic contact between the target area and the Singö zone 
(investigations in progress). SKB should aim to resolve this issue satisfactorily by the 
time of license application. 

10.3 Eh and redox: data significance and reliability for redox estimation 

The following is suggested as a summary of the understanding of present redox 
conditions in SR-Can (cf. page 43-44 of TR-06-31, SKB 2006l) 

� the Fe and S systems can be modelled as being at combined equilibrium or to 
have ‘uncoupled’ partial equilibria or disequilibria; 

� there are not yet enough data for the Fe and S species and solid phases to 
distinguish between these states and to decide which set of assumptions are most 
probably correct; 

� dependence on pH means that the possible ranges of modelled Eh values are -350 
to -150 mV for uncoupled Fe(OH)3 control and -300 to -170 mV if coupled with 
FeS, which suggests that Eh measurements alone will not distinguish these two 
mechanisms; 

� consequently, there is uncertainty about how the present-day system would 
respond to perturbations of redox; this uncertainty lies in the reactions involved, 
the extent of buffering by mineral phases, and the way that microbial populations 
will mediate reactions. 

An argument is put forward in ‘Groundwater Chemistry over a Glacial Cycle’ (page 
24-25, TR-06-31, SKB 2006l) that Eh should not be relied upon as the primary 
indicator of present-day redox conditions.  It is said that it is impossible to assign an 
overall Eh for the system because of disequilibrium, or partial equilibrium, among the 
various redox couples.  The paper of Washington et al on quasi-equilibrium of redox 
couples in the absence of O2 and if the concentrations of the relevant Fe and S species 
are >10-6 M is used to support the idea that redox should primarily be assessed on the 
basis of presence or absence of Fe2+ and HS-.  If this reasoning is going to be used in 
SR-Site, both to show that the present-day redox measurements are within the ranges 
expected for well-understood redox systems, and also as the basis for modelling 
potential responses of the redox system to future external impacts, then the approach 
will need to be developed further by modelling and tested with a more complete and 
quantitative set of hydrochemical and mineralogical data.  The roles of microbial 
populations in the redox equilibria, and the impacts of potential changes of microbes 
and nutrients in the future, also need to be considered, as also does the role of the 
‘significant’ concentrations of dissolved methane (see below). 

As an alternative to the above geochemical model, Eh potentials have been calculated 
from the limited available data (at the v1.2 SDM stage) for each site by a ‘reference 
method’ which involves equilibrium with Fe(OH)3 (page 43, TR-06-31, SKB 2006l).  
It is then inferred that modelled values of Fe2+ are lower than observed and values of 
HS- are higher than observed.  It is not clear whether this apparently circular 
calculation places more weight on measured Eh or measured Fe2+ and HS- 
concentrations.  The reported analyses of Fe2+ and HS- are rather variable and have 
various sources of uncertainty that are evidently variable (page 43). 

The SIG agrees that the case for Fe(OH)3 or FeS control of Fe, S and ultimately of 
redox is compelling, but the case would be strengthened if there were data on the 
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distribution of these minerals and the relation to local Eh conditions.  The occurrence 
of these minerals also needs to be taken into account in models for future redox 
conditions (page 33, TR-06-31, SKB 2006l). 

The development of coupled flow and mixing-reaction modelling of future evolution 
of site geochemistry is impressive (page 50, TR-06-31, SKB 2006l).  Future 
modelling should assess the sensitivity of the modelling outcomes to whether the 
mixing at any point is a result of advection or dispersion.  In Figures 3-28 and 3-29 
(TR-06-31, SKB 2006l) of modelled Eh over time into the future, is Eh controlled by 
Fe(OH)3 alone or is it coupled with SO4 reduction?  Although the modelling and 
visualisation is impressive, there are few measurements to compare with modelled 
values and for those the agreement is not so good.   

It can be inferred from the difference between SO4 contents of Forsmark and Laxemar 
groundwaters that SO4 has been more readily reduced at Forsmark (cf. the SO4 
variation at Olkiluoto in Finland).  The possible causes of this and its implications 
should be discussed in SR-Site.  Is there evidence of more sulphides in the secondary 
mineral assemblage at Forsmark?  What might be the biogeochemical conditions that 
account for this difference?  Understanding this would seem to be relevant to 
understanding whether these differences could impact the rate of sulphate reduction 
and production of sulphide that might compromise the EBS, as discussed below (page 
27). 

A flux of geogas, including H2, CH4 and CO2, from great depth is necessary for the 
hydrogen-driven biosphere model in Figure 5-2 of Geosphere Process Report TR-06-
19 (SKB 2006j).  The evidence for and implications of such a geogas flux, including 
the biogeochemical redox interactions with the system at repository depth and 
potential implications for future scenarios such as permafrost and glaciation states, is 
currently an open issue that SR-Site should aim to close out satisfactorily (page 161, 
TR-06-19, SKB 2006j). 

10.4 Effects of degradation of superplasticisers 

The effects of ‘built-in materials’ in the deposition tunnels and access tunnels to a 
repository need to be taken into account.  SKB has previously estimated potential 
quantities of these materials, but there is little consideration in SR-Can of their 
potential effects.  One particular material, in addition to the potentially-large 
quantities of grout and shotcrete that will raise pH, is the superplasticiser that would 
be used in grout.  This could place a large additional quantity of organic substances 
into the near-field system that might have a biogeochemical impact both on nutrients 
to encourage microbial activity in the early post-closure period and also on 
radionuclide complexation and mobility in the longer term. (Note: The recently-
delivered report R-06-104 by Hallbeck et al. (SKB 2006m) appears to cover this, but 
has not yet been reviewed) 

10.5 Concept, implications and assumptions about HS- in deposition 
holes and buffer 

The concentrations of reduced sulphur (mostly the bisulphide anion HS-) that enter 
the buffer from the groundwaters around the deposition holes, and therefore that are 
theoretically available to migrate through the buffer to the canister, are of potential 
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importance because sulphide accelerates copper corrosion.  In the same context, 
sulphate SO4

2- migration from groundwater into the buffer followed by reduction to 
HS- in the buffer or at the buffer-canister interface is equally significant.  SO4

2- 
reduction is accelerated by the presence of microbes (namely SRBs) and it may be 
totally inhibited without microbial mediation.  Therefore the presence and viability of 
SRB microbes in the buffer is an important issue.  SR-Can asserts that microbes are 
not viable or mobile in compacted bentonite (page 186, Main Report, SKB 2006a).  
Whilst the experimental work underpinning this assertion is impressive, it is 
premature to generalise and additional confirmatory demonstrations of this concept 
should be available for SR-Site in view of the potential importance of excluding 
microbial reduction of sulphate anywhere near the canister.  Further data and 
modelling of the inorganic and microbial aspects of sulphur chemistry in near-field 
groundwaters and in the EBS will be expected in SR-Site. 

As an additional constraint on the concentrations of sulphide that the canister surfaces 
will experience, the maximum amount of HS- that could be generated is estimated to 
be ~10 moles per deposition hole (page 15 of the Geosphere Process Report (SKB 
2006j) and Hallbeck et al. 2006, R-06-104, SKB 2006m).  The SIG expects SR-Site to 
have a more in-depth treatment of this issue in view of its potential importance in 
terms of potential acceleration of corrosion in the early post-closure timeframe. 

10.6 Fracture-fill minerals and rock matrix alteration in DZs 

A substantial amount of new data has been reported in R-06-109 (Mineralogy and 
geochemistry of rocks and fracture fillings from Forsmark and Oskarshamn: 
Compilation of data for SR-Can, SKB 2006n).  These data have begun to address the 
questions about quantification of minerals and of their reactive surface areas and 
reducing capacities (cf. Section 8.1). 

SR-Can states that “by far the most important mechanism for retardation of 
radionuclide transport is matrix diffusion” and that “experiments suggest that pore 
connectivity in rock matrix is at least several metres” (page 177, Data Report, SKB 
2006h).  There may be some inconsistencies between this assumption and observed 
evidence: the rock matrix should be more altered than on the ‘mm/cm’ scale, and past 
oxygen infiltration and consumption should have altered a large part of the redox-
controlling minerals.  The conceptual model of the rock matrix and of the connected 
pore network will need to better justified in SR-Site, both at the small scale relevant 
to the transport paths away from deposition holes (see above) and at a larger scale for 
general transport through the geosphere.  Multiple lines of evidence should be used to 
support the concept and its operation in transporting and retaining solutes.  Is this 
model consistent with the observed extent of alteration? 

10.7 Do heterogeneities provide preferential pathways for RN transport 
in backfill? 

It is possible that the preferential transport pathways for migration of radionuclides 
through backfill might be dominated by heterogeneities in which coarse non-sorbing 
crushed rock predominates.  The SIG believes that this should be considered as an 
alternative model of transport through the backfill (page 94 Data Report, TR-06-25, 
SKB 2006h). 
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10.8 Sorption data – generic or site-specific data set.  Is the Kd 
representation of sorption adequate? 

So far, few sorption data from the present site investigations are available (page 178 
of Data Report TR-06-25 (SKB 2006h) and Crawford et al, R-06-75: Kd Values for 
Granitic Rock in SR-Can, SKB 2006o).  Mostly generic data have been used in SR-
Can modelling.  The ‘conceptual join’ between Crawford’s Kd estimates for granitic 
rock, site-specific Kd data, and the ongoing studies of the mineralogy of rock matrix 
and fracture fillings is not apparent.  It is not clear how this integration of parameters 
and properties is going to be resolved for the transport modelling in SR-Site.  There 
will need to be a basis for validating Kd data obtained from the integration of these 
data sets. 

In general, the retention of radionuclides in the geosphere depends on two processes: 
sorption/co-precipitation on mineral surfaces and diffusion into the rock matrix.  In 
SR-Can, both processes are modelled and are parameterised respectively with Kd as 
discussed above and diffusion coefficient D obtained from laboratory tests or from 
electrical conductivity measurements.  Site-specific parameters are so far rather 
limited.  SR-Site should consider how the operation of one or both of these processes 
might vary between fracture families and what implications that might have for non-
conservatism in the transport model. 

The references used in support of the assumption that a simplified linear equilibrium 
Kd model is applicable for safety assessment are limited (SKB 2006j), but among 
these the new assessment of Kd data and uncertainties for use in SR-Can is valuable 
and more comprehensive (SKB 2006o).  The SIG recommends that a more 
comprehensive review of the validity and limitations of this assumption, to address 
inevitable concerns, be provided as part of SR-Site.  It is noted that SKB considers 
that ‘such mechanistic modelling approaches should be developed as a complement to 
the…..literature Kd data’ (SKB 2006o).  

10.9 Colloids, microbes, organics and biomass – natural abundances, 
mobility and potential effects on radionuclide transport 

Natural colloids, clay colloids generated by dispersion from the buffer and/or backfill, 
microbes and biomass, and natural or introduced organics are to some extent still 
‘wild cards’ in terms of their potential effects on radionuclide transport or retention.  
SR-Can does not have a coherent geochemical and physical treatment of these FEPs, 
although there may be more information in Hallbeck et al 2006 (R-06-104, SKB 
2006m) which has not yet been reviewed. 

The mobility of colloids and microbes remains a rather uncertain issue for which there 
are not yet any established models for the deep geosphere.  Colloids may have natural 
sources, e.g. Fe oxides, organics or clays, or could be derived from the bentonite 
buffer.  Colloid immobility and physical retention are assumed in the large scale 
transport model in SR-Can.  It will be helpful to have the evidence on which this 
assumption is based, and the conditions under which colloid mobility might be an 
issue, discussed fully in SR-Site.  There are data for the abundances of natural 
colloids in groundwater samples, but it is not clear how these data will be used except 
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as a qualitative indication that colloids are not important (but note that small 
concentrations of certain colloids could have large effect on radionuclide sorption).  
There are one or two well-known cases where colloids have been shown to be 
responsible for anomalous radionuclide transport, and it needs to be shown that 
similar behaviour can be excluded for the present sites. 

Microbes are stated to move at 1-5 mm per minute, therefore, potentially moving 
rapidly from repository to surface (page 161 Geosphere Process Report, TR-06-19, 
SKB 2006j).  In the same light, the movement of microbes from the surface down to 
repository depth should be considered, especially for the special hydraulic conditions 
under an ice sheet.  

10.10 Hydrochemical and isotopic data 

There is continuing concern over the quantity and reliability of hydrochemical, 
isotopic, dissolved gases and microbiological data from both sites, especially relating 
to geochemical conditions and buffering at repository depth.  Most of these issues 
have been raised with SKB and discussed or clarified at the ‘geochemistry experts’ 
meeting in February 2007.  The expectation has been that a more adequate set of data 
in terms of quality and quantity will emerge in the v2.1 Site Descriptive Model 
reports.   

The concern is mostly focused on data from new boreholes at the Laxemar site.  A 
draft of the v2.1 SDM Hydrochemistry report has been seen and still does not contain 
an adequate data set.  The v2.2 data set is expected to be available later in 2007 and 
will be reviewed with anticipation. 

Despite the clarification of data issues, the continued use of unreliable, or at least less 
reliable, hydrochemical and isotopic data from boreholes KLX01 and 02 may still 
present problems.  For example, in Figure 4-46 in SR-Can some anomalous tritium 
data – positive values at 200-600 m depth – are shown, though they are probably from 
KLX01 and 02 (Page 130 Main Report, TR-06-09, SKB 2006a). 
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11 Conclusions and Recommendations 
As a first evaluation of long-term safety for KBS-3 repositories at Forsmark and 
Laxemar, the SIG found SR-Can to be a well-produced and generally well-argued 
safety assessment. Overall, SKB is to be complimented on this project.   

Members of INSITE and OVERSITE within the SIG had somewhat differing views 
on how well SKB had made use of the site data available at the end of the SDM 1.2 
stage of investigations. This difference is less to do with the extent of site 
characterisation than of its use and application, reflecting the different levels of 
maturity of SKB’s geosphere and biosphere assessment programmes.  

The more recent and current work on the sites means that our concerns expressed in 
this review should, to a large extent, be addressable in or prior to SR-Site, provided 
SKB is so minded. However, we acknowledge that some of the issues we raise will 
not be fully resolved until underground rock characterisation from excavations or 
longer records of surface conditions are available.  There are also some key aspects of 
SKB’s methodology still under development that would benefit from review prior to 
their use in SR-Site.  More space in the currently pressing schedule would allow for 
this review and a consequent increase in confidence.  

In any case, the authorities should be aware that SKB may face residual programmatic 
risks, associated principally with the underground design and layout (and their knock-
on effects into performance), even after SR-Site.  An early understanding of some of 
these relationships would be helped by a plan (at least on an outline level) of the 
underground characterisation programme.  

We also note that many engineering matters are still to be confronted, not least the 
EBS design and its implementation, along with the treatment of high stresses, if 
Forsmark is selected.  However, our views on the nature of the SR-Can analysis and 
the way in which site data have been utilised in it (our principal remit) are not 
particularly influenced by these future uncertainties. 

11.1 Recommendations to SKB 

In this section, we summarise the most important points that we have identified in our 
review.  These are presented, in no particular order, in the form of recommendations 
to SKB on expectations of the SR-Site report and its supporting documentation. 

1. We recommend that SKB makes every effort to enhance the traceability of 
site-related data used for the safety assessment in SR-Site back through the 
interpretation and data acquisition stages. In principle, a mechanism should be 
available to facilitate simple back-tracking of numbers to show where they 
came from and the stages of manipulation that bulk raw data have been 
through to arrive at approved datasets. This probably means extending the 
relevant ‘Source of Information’ sections of the Data Report, which presently 
tend only to refer back to another (sometimes quite high-level) report. Perhaps 
a generic graphical or tabular way can be found of doing this. We feel that this 
is especially important for hydraulic and hydrochemical data. One key reason 
to have a clear traceability is to ensure that uncertainties (and assumptions 
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made) along the way are not lost, but are fully accounted for in the final 
evaluation of safety functions or risk assessment. 

2. We recommend that SKB makes broader reference to and use of peer-
reviewed scientific literature that impinges on key aspects of its safety case. 
This is largely a matter of normal scientific publication procedure and, given 
the critical nature of the next stage of work, all steps to enhance the scientific 
credentials of the reports in the broader science and academic communities 
would be valuable to the whole process. 

3. In site terms, repository layout and depth are the only major variables with 
potential safety performance implications that can be readily adjusted by SKB. 
Depth, in particular, has a major influence on groundwater flux through the 
repository and, to some extent, on the chemistry of these waters at different 
stages of repository evolution. We recommend that SKB presents a clear 
explanation of the depth choice eventually made and how the choice balances 
carefully the positive and negative impacts on the full range of safety-related 
and design factors. A comprehensive explanation will assist the authorities 
considerably in assessing whether the most appropriate depth has been 
defined.  

4. In situ stresses are high at Forsmark. The nature and properties of the resulting 
spalled zone around canister deposition holes has a potentially large impact on 
the evolution of the EBS and the movement of radionuclides in the near-field. 
It also affects the useable rock volume. The spalled zone is not currently well-
understood and we therefore recommend that SKB develops a more confident 
understanding by the time of SR-Site. Specific topics for resolution are: 
confidence in the modelled scale and nature of the spalled zone, and in its 
thermal and hydraulic properties, and the means that might be deployed to 
mitigate spalling in deposition holes.  We also recommend that SKB considers 
experimental work to firm-up its modelling results. 

5. Owing to the paucity of relevant observations, we remain unconvinced in 
SKB’s position that a high-conductivity excavation damaged zone (EDZ) will 
not develop in deposition tunnel walls and floor. Because there is a potential 
for an EDZ to connect migration pathways from deposition-hole fractures and 
spalling to larger fractures connecting to the ‘far-field’, this would have safety 
performance implications, especially during glaciation advance and retreat 
periods. The burden of proof of ‘no hydraulically continuous EDZ path’ still 
lies with SKB and we recommend that they consider hydraulic experiments to 
support their position on the non-existence of continuous but tortuous 
hydraulic paths in the EDZ. 

6. SKB has adopted an innovative approach to the definition of the exposed 
group and determining dose to a representative individual.  We recommend 
that a comparison of this approach with a more conventional approach is made 
so that any differences in calculated doses can be more readily understood.  
We also recommend that SKB considers a wider spectrum of potential 
exposure pathways, based on a more comprehensive analysis of activities in 
regions where productivity is low. 



 35 

 

7. There is more work to be done on the representativity of the DFN models that 
underpin the groundwater flow estimates and on the predictions of the flow 
models themselves. This is a central aspect of site understanding that impinges 
on almost all areas of the safety assessment, so confidence here needs to be 
high. SKB has chosen a bottom-up approach, of building up DFN models by 
understanding the pieces, and using these to predict the behaviour of the 
whole; in so doing they have set high stakes for these models. Topics for 
further work include the calibration and confirmation of the flow and 
chemistry models using large-scale measurements and observations 
(upscaling).  We recommend that this work is adequately completed and 
reported in the run-up to SR-Site so that it can be peer reviewed and assessed 
by the authorities prior to use in a license application. 

8. We have identified several areas where possible alternative interpretations (i.e. 
conceptual uncertainties) are still extant about the influence of site features on 
flow and transport or on the ways that these processes operate. These need to 
be convincingly pinned down and either excluded or their effects quantified.  
We recommend that the topics to be discussed in more detail in SR-Site 
should include: possible patchiness of hydraulic properties (spatial 
heterogeneity in fracture patterns and connectivity); actual properties and 
connectivity of major DZs; solute transport at deposition hole scale; the nature 
of large scale hydrodynamic dispersion (advective mixing). 

9. The input to be expected from the large-scale, long-term hydraulic tests 
currently under way and possibly extending over the coming years is 
potentially very important to build confidence in the site-scale flow model 
and, to a certain extent, in the transport models.  We recommend that SKB 
uses results from these tests to include groundwater pressure distribution in the 
flow model calibration.  This would provide additional confidence that the 
safety assessment models are apt. 

10. There is a mismatch between the transport predictions of the SR-Can models 
and the observed distribution of chemical species in the groundwaters, which 
calls the models into question. We recommend that SKB continues its efforts 
to integrate the flow and chemistry data and models, as success here would 
give a measurable confidence boost in the underpinning flow and transport 
models of the safety case.  

11. SKB is in the midst of developing an approach to assigning appropriate 
canister deposition hole positions. Being able to identify ‘good’ positions 
affects the safety case as well as engineering practicalities, such as size and 
layout of the repository. We believe that the general approach is appropriate. 
However, SKB is well aware that much remains to be done here, as there are 
many questions about the model basis of the approach itself, the ability to 
collect the data required to support the approach and the ability to implement 
the approach in practice. We recommend that SKB submits plans for further 
R&D on these issues for regulatory review as early as possible. 

12. SR-Can has made a huge stride forward in terms of understanding how 
climate change, particularly cooling and glaciation, could affect the repository 
in the long-term. We feel that this strong foundation could be built upon 
somewhat further for SR-Site. There are several aspects of the treatment of 
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glacial impacts on the deep flow and chemical environment where a stronger 
use of modern analogue data could help support the assumptions made in the 
safety assessment – sub-permafrost regimes being one possible area, which 
seems important because permafrost is a dominant state for much of the 
assessment period. Additionally, uncertainties in the duration of each stage of 
glaciation suggest that SR-Site ought to consider, for example, longer periods 
of dilute water ingress.  

13. The ore potential of the area around the Forsmark region of interest means that 
it is not straightforward completely to set aside intrusion risk simply because 
mineralisation does not occur in the host rock domain. For SR-Site, we 
recommend that SKB provides an analysis of how the future geophysical 
anomaly of the repository might affect intrusion likelihood or style. Clearly, 
little can be done to modify such a risk if the Forsmark site is selected, but the 
authorities should be presented with reasoned arguments to allow them to 
reach a judgement on how to weigh this risk. 

14. With the above points in mind, we recommend that SKB re-assesses the 
timetable for SR-Site.  There are a number of issues discussed above that 
warrant additional peer and regulatory review prior to their use in a license 
application.  There are also recommended studies relating to demonstrations of 
viability, data collection and modelling that would extend beyond the current 
date for submission of SR-Site.  The SIG considers that results from these 
reviews and studies would improve confidence in the license application to a 
sufficient extent as to justify a delay in the currently proposed submission. 

11.2 Recommendations to the authorities 

In addition to providing conclusions on SR-Can and recommendations to SKB, the 
review groups were asked to make separate comments and recommendations to the 
authorities on regulatory issues. 

1. SKB has developed a new approach to the definition of exposed groups and 
consequent assessment of radiological risk.  This appears to be based, in part, 
on the acknowledgement within the regulatory guidance that alternative 
constraints can be applied depending on the size of the exposed group.  The 
authorities should clarify the extent to which the guidance intends a 
sophisticated linkage between individual dose and size of the exposed group, 
and consider whether SKB’s approach meets with the intention of the 
guidance. 

2. The subject of climate change and glacial effects at depth stimulates 
considerable scientific interest and the potential for divergent or nugatory 
studies with respect to a spent fuel safety case certainly exists. The authorities 
should consider how far it is necessary for SKB to develop this area of their 
safety case, given that climate forward models currently suggest several tens 
of thousands of years of relatively warm conditions, during the period in 
which the spent fuel is at its most hazardous. The assessed impacts of dilute 
water injection to depth and seismic shear damage are central in SR-Can, yet 
unlikely to be relevant factors until > 50-80,000 years into the future, by 
which time the hazard potential of spent fuel is approaching that of ore 
deposits.  
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Appendix 1: International Peer Review Team Members 
Neil Chapman has a PhD in geology and is Chairman of the ITC School of 
Underground Waste Storage and Disposal, Switzerland, Research Professor of 
Environmental Geology, Department of Engineering Materials, University of 
Sheffield, UK, Programme Director of the Arius Association, Switzerland, and an 
independent consultant in radioactive waste management.  He has 30 years experience 
in the scientific and strategic aspects of deep and shallow disposal of radioactive 
wastes, including provision of advice at the highest level to industrial and 
governmental organisations in many countries (most recently, Italy, Japan, Germany, 
South Africa, Sweden, Switzerland, UK and USA).  He is author/co-author of over 
one hundred papers and seven books on this topic.  He has participated in numerous 
national and international committees concerned with the environmental impact of 
radioactive waste, in the technical management of internationally funded projects, and 
as a visiting expert. He is currently Chairman of the INSITE site investigation 
overview group for the Swedish regulatory authority, SKI, and a member of the 
International Technical Advisory Committee (ITAC) of the Japanese waste 
management organisation (NUMO). 

Roger Wilmot has a PhD in geology and is a Senior Consultant with Galson Sciences 
Ltd in the UK.  He has over 25 years experience in providing a broad range of 
research, consultancy and management services to a range of clients in the nuclear 
industry, starting with site characterisation work for the four potential UK sites for 
shallow waste disposal in the 1980s.  Since then he has been involved in radioactive 
waste disposal programmes in the UK and other countries, with particular interest in 
the role of the surface environment in assessments, and the development of tools 
aimed at improving transparency and traceability in assessments and retaining 
corporate knowledge.  Dr Wilmot has advised regulators and developers on strategies 
for considering future human actions and is currently working with the UK 
environmental regulators on revisions to guidance.  He is Chairman of the 
OVERSITE overview group for the Swedish Radiation Protection Authority (SSI). 

Adrian Bath has a PhD in isotope geochemistry and is an independent consultant with 
24 years experience in radioactive waste management, mainly in the geochemical and 
hydrogeological aspects of siting for geological disposal.  His specialisations include 
groundwater sampling programmes, environmental isotope analyses and 
interpretations, and geochemical modelling.  He has published more than 50 scientific 
papers.  He has been involved in scientific and strategic roles in three phases of site 
investigations in Britain and has recently provided advice to the UK government on 
planning of a future repository programme.  He has also had research and review roles 
in Swiss, German, Spanish, Hungarian and many other international projects and 
continues to contribute to a number of ongoing tasks.  In addition to being a member 
of SKI’s INSITE team for review of the Swedish repository siting project for 6 years, 
he has recently joined the equivalent SONEX team for the Finnish regulatory 
authority STUK. 

Joel Geier has a PhD in hydrogeology with a background in rock mechanics, and is 
an independent consultant in groundwater flow & transport, specializing in fractured-
rock hydrogeology and flow and solute transport in fault zones.  He authored the 
original versions of the widely used FracMan computer code for modelling flow in 
discrete-fracture networks, and is the author of the open-source Discrete Feature 
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Model (DFM) for flow and transport in fractured crystalline rock. He has 20 years 
experience in radioactive-waste disposal research and hydrogeologic analysis in 
fractured crystalline rock, including work on the Stripa, SKB-91, and SKI SITE-94 
projects (Sweden), Underground Research Laboratory (Canada), and Sellafield (UK). 
He is author/co-author of over forty papers and technical reports on these topics, has 
participated in international radioactive-waste forums including the GEOTRAP, 
RETROCK and AMIGO projects, co-chaired an AGU session on coupled processes 
in fault zones, and has taught courses in hydrogeology and fractured-rock hydrology 
at Oregon State University.  He is currently a member of the INSITE site 
investigation overview group for the Swedish regulatory authority, SKI, and owner of 
Clearwater Hardrock Consulting based in Corvallis, Oregon (USA). 

Richard K� os joined the United Kingdom’s National Radiological Protection Board 
in 1987, developing an interest in environmental modelling of contaminants in the 
biosphere and the assessment of radiological impact. In addition to developing new 
practical models for use in performance assessments of the long term hazards of 
geological radioactive waste disposal he participated in the various international 
projects (CEC PACOMA, NEA PSACOIN, SSI BIOMOVS).  At the Paul Scherrer 
Institute,  Switzerland he was instrumental in developing TAME, the terrestrial 
aquatic model of the environment on behalf of Nagra. TAME has been used in a 
number of performance assessments carried out by Nagra since the mid 1990s, most 
recently in the 2002 Opalinus Clay assessment.  In the second of the BIOMOVS 
projects, he lead the Complementary Studies working group, and has since 
contributed to BIOMASS and BIOPROTA. Work has been carried out on behalf of 
organisations in the USA, Switzerland, UK, France and Sweden.  He is a member of 
OVERSITE, SSI’s review team for ongoing site characterisation and data 
interpretation activities at SKB. He is also active in SSI’s CLIMB project (Catchment 
LInked Models of the Biosphere) for which he is developing an advanced landscape 
model for use in radiological performance assessments. 

Ove Stephansson has a PhD in theoretical and experimental tectonics and rock 
mechanics from University of Uppsala and taught rock mechanics at Luleå technical 
university 1974-1990 and later engineering geology at KTH in Stockholm, 1991-
2002. He is presently visiting professor at GeoForschungsZentrum-Potsdam, 
Germany and an independent consultant in rock mechanics and rock engineering. He 
has more than 30 years experience in radioactive waste disposal research and 
development and has worked on many Swedish and international projects related to 
geological disposal of radioactive waste. For many years he has served as a rock 
engineering consultant for SKI. He is the author/co-author of more than 150 scientific 
papers in rock mechanics and rock engineering of which more than one third are 
related to geological disposal of radioactive waste. He is currently in charge of the 
Secretariat of the DECOVALEX project at KTH in Stockholm, member of the 
INSITE site investigation overview group for SKI in Sweden and member of the 
SONEX group of STUK in Finland overlooking the ongoing ONKALO project and 
the site investigations for final repository at Olkiluoto, Finland.  

Sven Tirén is a senior geologist with a background in structural and economic 
geology; at the University of Stockholm, the Geological Survey of Sweden (SGU), 
Swedish Geological Company (SGAB) and at the present he works for GEOSIGMA 
AB in Uppsala. He was engaged in the Geodynamics Project in the Swedish 
Caledonides (1970-78), has performed prospecting for Swedish mineral resources 
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(1978-1980) and been involved in the SKB site characterization of potential sites for 
nuclear waste disposal in the Swedish part of the Fennoscandian shield (1980-1991; 
involved in e.g. KBS-3, SKB-91), and research at Stripa and URL (Canada). Since 
1991 he has been working as an independent consultant in geology/structural geology 
for SKI (e.g. SITE-94), and, in 2002, he also started to work for STUK. His 
professional work has mainly included structural geology; remote sensing and three-
dimensional modelling of the framework of brittle structures in the bedrock. He is the 
author/co-author of more than a hundred papers and reports on these topics. Since six 
ears back he is a member of SKI’s INSITE site investigation overview group and 
since four years back also a participant in STUK’s review of Posiva’s site 
characterization at Olkiluoto (first in the IMGS group and now in the SONEX group). 

Chin-Fu Tsang is a Senior Scientist Emeritus in the Earth Sciences Division and a 
past Head of the Hydrogeology Department at the Lawrence Berkeley National 
Laboratory, Berkeley, California. He is well known internationally for his research in 
flow and transport in stochastic fractured and porous media, coupled thermo-hydro-
mechanical processes in fractured rock, and advanced well tests analysis and borehole 
testing methods. He is the author or co-author of more than 380 scientific 
publications, including about 150 articles in refereed scientific journals and about 105 
invited papers and presentations. In addition, he is the co-author or co-editor of eight 
books and four Journal Special Issues. Dr. Tsang has been very active professionally 
worldwide. He was a reviewer for the FEBEX project, a joint Spanish-Swiss 
experiment at the Grimsel Underground Laboratory, funded by CEC, ENRESA and 
NAGRA. He was a special invited speaker to address the French National Assessment 
Commission in Paris, and to address the Russian Academy of Sciences, Division of 
Geology, Geophysics, Geochemistry and Mining Sciences, in Moscow. For the last 15 
years, he has been the Chairman of Steering Committee of the DECOVALEX Project, 
a ten-nation cooperative research program on coupled thermo-hydro-mechanical-
chemical processes, based in Stockholm, Sweden. He was an invited speaker in many 
international conferences, including being a Keynote Speaker in International 
Conferences in Loen, Norway; Hyderabad, India; Stuttgart, Germany; Capetown, 
South Africa; Wuhan, China; Stockholm, Sweden and, more recently, at the EC 
Conference on Rock Physics in Oleron, France, 2005; and the GeoProc2006 
Conference in Nanjing, China, 2006. 

Clifford Voss is a senior researcher at the U.S. Geological Survey (USGS), leading 
efforts (since 1981) to study subsurface transport in a variety of geologic 
environments, including the migration of water, other fluids, gases, dissolved 
substances and heat, as well as to study the impacts of variable-density fluids, 
vaporization, and freezing on groundwater flow. Dr. Voss is the original developer of 
the SUTRA public groundwater simulation software, in wide use internationally for 
over 20 years, and leads the USGS group that continues its support and development.  
Dr. Voss has been the Executive Editor of Hydrogeology Journal, the official journal 
of the International Association of Hydrogeologists (IAH), since shortly after its 
inception in1992. Dr. Voss advises governments, international agencies, universities, 
scientists and practitioners, worldwide, on questions of hydrogeology including 
groundwater system evaluation, management of water resources, fractured rock 
hydrology, coastal aquifers impacted by seawater intrusion, and subsurface disposal 
of toxic and nuclear wastes. His current interests include application and technology 
transfer of quantitative hydrogeologic methods to developing countries, in order to 
strengthen practices for water resources management. 
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Anders Wörman’s research profile includes mathematical, experimental and field 
methods for the analysis of transport processes in different aquatic environments such 
as streams and fractured rock, involving both hydromechanics and environmental 
chemistry. Anders is currently employed as professor at the Department of Land and 
Water Resources at the Royal Institute of Technology in Stockholm. He has a 
background as professor in environmental physics at the Swedish University of 
Agricultural Sciences and associate professor in sedimentology at Uppsala University. 
In the period 1991 to 1993 he was a research consultant at the Swedish State Power 
Board. Further, he has been co-ordinator of a Master of Science Programme in 
Aquatic and Environmental Engineering at, Uppsala University, from 1993 to 2000, 
and Director of Studies at Swedish University of Agricultural Sciences with a special 
responsibility for the educational programme Biosystems Engineering from 2003 to 
2006. Anders has led several research projects on a national and international basis 
and has authored about 40 peer-reviewed papers in high-ranked scientific journals, 3 
book chapters, 15 conference papers and 25 technical reports and popular 
publications. In addition, he has acted as main advisor for PhD-students that so far 
have led to seven completed thesis (three licentiate and four PhD). In 1992 he was 
awarded the Thernwall Prize for "research on basic scientific issues with importance 
to the understanding of the behaviour of earth-fill dams". 
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Appendix 2: INSITE’s questions before the hearing and 
SKB’s answers  
A hearing was held with the international review teams and SKB in March 2007. 
Before the hearing the international review teams were given the opportunity to 
provide written questions to SKB. SKB supplied written answers to these questions in 
February 2007. Below the list of questions and answers is appended. 

General 

1. Pilot emplacement: Does SKB consider implementing a pilot emplacement 
scheme, with a zone of the repository being heavily instrumented for monitoring 
the initially emplaced packages throughout the operational period, to provide a 
dataset that can be used to inform eventual decisions on closure? 

The RD&D programme that SKB submits to SKI every third year presents SKB's 
plans for the following six years where the level of detail is higher for the first three 
years. In the RD&D programme 2004 a Master Plan that gave an overview of SKB's 
long term plans was included. This plan will be updated in the next RD&D 
programme that will be submitted to SKI before the end of September 2007. 
Responses on issues concerning long term planning and the need for future 
experiments will have to await the publication of the RD&D programme. 

2. Safety criteria: One of the objectives of SR-Can is to investigate whether the 
KBS-3 method has the potential of fulfilling regulatory safety criteria, given the 
host rock conditions at the sites based on results of the initial site investigation 
phase. Will SKB include safety criteria for the access tunnel, boreholes and 
shafts in the SR-Site report? 

There are no “regulatory safety criteria” for parts of the system. So called safety 
functions, safety function indicators and safety function indicator criteria have been 
formulated by SKB in the SR-Can report in order to facilitate the analysis and 
evaluation of safety. These are however not necessary criteria to fulfil in order to 
demonstrate safety, see further chapter 7 of the main report. These criteria may 
possibly be extended to include the mentioned system parts in SR-Site.  

However, access tunnels, borehole seals and shafts are not barriers in the KBS-3 
system. Even though some performance will be required from them it is not self-
evident how criteria could be formulated. The performance of these repository parts 
will, though, be assessed in SR-Site. 

3. Repository depth: On what basis have the depth ranges for a repository been 
decided for each site?  What are the compromises between various factors, or is 
there a clear set of criteria?  Will assessments be carried out for shallower and 
deeper locations, or once decided will it be non-variable?  What does SKB plan if 
unforeseen rock problems during excavation caused an unavoidable change of 
depth? (Page 139 of Main Report) 

The depth selection processes used for the layouts is described in the layout D1 
design premises report (R-04-60) and its application in the layout reports (see e.g. R-
06-34 and R-06-36). The criteria concern impacts from stress and inflow – and thus 
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generally favour shallow depth, therefore SKB also stipulated 500 m as a reference 
depth. However, for Forsmark it was judged necessary to decrease the depth to 400 m, 
in order to reduced potential spalling problems.  

The adequacy of the chosen depths (and especially if increased depth would be a 
safety benefit is discussed in section 13.6.8 of SR-Can main report. It is concluded 
that there is no reason to revise current depths from a safety point of view. However, 
there is now an ongoing assessment on the possibility of increasing the depth at 
Formark, in order to ensure that the repository will be placed in the very low 
permeable rock found below 350 m.  

During construction, if there are (unexpected) severe problems at the chosen depth 
SKB may of course need either to reconsider the depth or make appropriate design 
changes. This is part of the “observational method” for repository design being 
developed as part of the updated designs for SR-Site. Today, we aim at ensuring that 
there is a low probability for such an event. 

4. The HRL: In Figure 3-15, the distribution of fresh water suggests that the site-
scale groundwater flow direction through the repository is directed towards the 
Äspö HRL.  Have the implications of the HRL acting as a focus for flow in the 
future been considered?  What are the plans for backfilling and sealing the HRL 
at some time in the future? (Page 50 of the Geosphere Process Report). 

The HRL has not been considered in SR-Can. However, in the on-going Site-
descriptive modelling, the influence of Äspö HRL is being analysed. The modelling 
shows that the drawdown from Äspö HRL has little effect on the flow conditions in 
the southwestern part of Laxemar currently considered as a potential location for the 
repository. 

There are no definite plans for the closure of Äspö HRL. Current plans are that the 
Äspö HRL will be open and used for SKB's RD&D programme at least until the 
repository for spent fuel has been put into operation. After closure of the Äspö HRL 
the openings to the underground excavations have to be sealed. There are at present 
no requirements or plans to backfill the Äspö HRL. After closure pumping will cease 
and the facility will no longer act as a sink. 

5. Monitoring: The description of the monitoring programme (section 4.5 and 
supporting report R-04-13) is vague. Is modelling going to be used (a) to 
determine monitoring locations with most sensitive changes in parameters to be 
measured and (b) to predict changes to be compared with monitoring data, so 
that the model(s) representing the site can be confirmed or shown to need 
revisions? Will there be direct monitoring of fluid flow and hydraulic pressure 
changes at key (most sensitive) locations to evaluate impact of the successive 
stages of repository construction? 

The monitoring plans are still developing as part of the programme for investigations 
during construction and operation of the repository. A preliminary programme will be 
ready by the summer of 2007. The starting point for the monitoring programme will 
be the site descriptive model that exists at the start of construction and the existing 
investigation boreholes. The monitoring equipment that is currently installed in the 
cored boreholes allows measurement of hydraulic pressure changes and in selected 
locations also fluid flow as well as groundwater sampling. However, modelling will 
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most certainly be undertaken to assess the potential impacts from the construction 
work and the operational phase and used to modify monitoring locations if needed. 

Furthermore, experiences from modelling inflow and drawdown around the 
ONKALO tunnel at Olkiluoto in Finland (Site Report 2006, to be published in 
February 2007) shows that inflows and drawdowns in a tunnel is only partly sensitive 
to the key structures of the site (see e.g. Posiva, 2007). The net effect is a balance 
between modelled grouting efficiency, permeability distribution of the bedrock, 
porosity of the bedrock and the infiltration rate at the surface. 

Geological Understanding of the Sites 

6. Uncertainty propagation: Follow up of uncertainties in site information seems to 
be lacking and the approach appears to be trying to get the best estimation of 
parameters (or structures) needed for modelling without following up all 
associated uncertainties. For example, from pages 104-106: 

[a] How has the statement “presence of undetected deformation zones cannot 
be ruled out” been followed up with uncertainty assessment such as 
sensitivity analysis? Could it be, that at least some “undetected deformation 
zones” are just not identified due to restrictions in the criteria for inferring 
deterministic structures in the structural model? This could be compared to 
the full perimeter intersection criterion (FPC), deposition rejection 
criterion in SR-Can, which includes structures with a radius from about 4 
m (the diagonal across the deposition drift is 3.9 m) instead of 75 m (radius 
of discriminating fractures). An alternative interpretation/deterministic 
model could also include the hydraulic properties of a structure in the 
guide-lines for the selection of structures to be investigated 
deterministically? 

We are confident that all DZ needing an earth-quake respect distance are identified – 
although the exact geometrical limits at repository depth can only be verified during 
construction. Smaller features are, as indicated in the answer, expected to be handled 
by deposition hole acceptance criteria. We are also currently exploring workable 
acceptance criteria regarding hydraulic properties, as already suggested in the 
feedback section of 13.6.4 (Main report). 

[b] How has the statement “data indicate a large spatial variability in the size, 
intensity and properties between different rock domains, but also within 
rock domain RFM029” been followed up with uncertainty assessment such 
as sensitivity analysis? Is there also spatial variability in other rock 
domains? 

It is unclear from the question what properties are referred to. Anyway, the 
HYDRO-DFN model aims at capturing the spatial variability and uncertainty at 
potential repository depth. In fact, data obtained after 1.2 confirms the hypothesis of 
very few conductive fractures below, around 350 m depth. 

[c] How has the statement “DFN modelling, alternative interpretations are 
possible ranging from a sparsely connected fracture network with a rather 
high transmissivity field to a well connected fracture network with a very 
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low transmissivity” been followed up with uncertainty assessment such as 
sensitivity analysis? 

Sensitivity analyses have been performed to address both alternative interpretations 
of the hydrogeological DFN and alternative conceptual models by also considering a 
CPM variant. A more refined description is expected in SR-Site based on more 
spatially and statistically significant measurements of the bedrock fractures and 
hydrogeology. In SR-Can, the DFN variants represent both the very sparsely 
connected network and one more connected but of low transmissivity network, while 
the CPM variant represents a well connected system of generally low hydraulic 
conductivity. 

[d] The irregular geometry of many of the fracture zones in the Laxemar area 
(p 97) and the few boreholes drilled through each zone, imply that there is a 
large degree of uncertainty in the down dip extrapolation and character of 
the zones. How has this been propagated? 

We agree with the observation. We have not propagated this uncertainty, since we 
assume this will be taken care of by the detailed underground observation 
programme – with subsequent layout adaptations. See our comment on section 
13.7.1. 

Shorter deformation zones are handled by deposition hole acceptance criteria (see our 
answer to INSITE question 6a). 

7. Brittle and younger structures at Forsmark: The tectonic lens within which the 
Forsmark site is located (p97, Main Report) was formed under ductile to ductile-
brittle transitional conditions. What are the characteristics of the internal brittle 
deformation pattern within the lens and has the lens been affected by any brittle 
structures that overprint the lens? Will overprinting structures affect, e.g. the 
stress rock stresses in the target area?  

 “Most of the structures (Forsmark) are inferred to be geologically ancient 
structures”. What are the characteristics of younger structures and what is their 
relationship to the “ancient structures?  

The questions require quite elaborate answers to be adequately addressed. We here 
therefore only provide brief comments and refer the reviewers to the references 
below: 

“What are the characteristics of the internal brittle deformation pattern within the 
lens and… ” 

The evolutionary aspects of deformation at the sites have been reported in dedicated 
chapters of the SDMs (e.g. R-05-18, p 65.). This very question is addressed in the 
Forsmark SDM (R-05-18) in chapters 5.4 and 5.5. Details on the fracturing, i.e. 
brittle deformation at smaller scales, is reported in R-05-26, a sub-report to the 
SDM. 

 “…has the lens been affected by any brittle structures that overprint the lens?” 

Yes. It is expressed in e.g. TR-06-09 (p 100) as: 
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“…Vertical and steeply-dipping, brittle deformation zones with NE strike transect 
the candidate volume at Forsmark and are prominent in the Bolundsfjärden area 
(Figure 4-19 and Figure 4-20). This set is strongly dominated by sealed fractures 
and sealed fracture networks… ” 

High resolution geophysics have revealed a pattern of lineaments that can be 
divided into two sub-sets with ENE trend (dominant) and NNE trend (subordinate, 
commonly shorter). These studies were, however, performed after the publication of 
the SDM 1.2 and, accordingly, not included in the condensed site description in SR-
Can. Ongoing modelling work (stage 2.2) confirms that both subsets are related to 
brittle deformation zones and that the vertical and steeply dipping zones with 
generalised NE strike in SDM version 1.2 need to be separated into two subsets with 
ENE and NNE strike. All these zones overprint the penetrative ductile deformation 
in the tectonic lens. 

“Will overprinting structures affect, e.g. the stress rock stresses in the target area?” 

This aspect was not explicitly addressed in SR-Can. The current understanding of 
the state of stress is, however, summarised in SDM 1.2, section 6.4, see especially 
section 6.4.4. It concludes that only DZ A2 may have a local effect on the state of 
stress. Additionally, later data confirm a very consistent stress orientation within the 
lens. We therefore consider it unlikely that overprinting structures, primarily 
trending NNE – NE (i.e. in an obtuse angle relative the major principal stress) has 
any influence on the state of stress. This issue will be further addressed in 
forthcoming SDM. 

“What are the characteristics of younger structures and what is their relationship to 
the “ancient structures?” 

Absolute dates of fractures and/or their reactivation are notoriously difficult to obtain. 
Nevertheless, some information on the matter is provided in R-05-18 (3.1.5 , p 73). 
There were insufficient information on fracture ages in SDM 1.2 and little 
correlations between “younger” and “older” features were therefore addressed. We 
do, however, anticipate that on-going efforts will provide a clearer description for the 
coming SDMs. This include kinematic analyses, relative and absolute dates of 
mineralisation. As it is stated in R-05-18  (p. 233): “Finally, it needs to be stated that 
the conceptual model urgently requires independent testing with the establishment of 
more kinematic data along the deformation zones and with the help of age dating of 
mineral fillings.” 

8. Ore potential at Forsmark: In Forsmark, the ore potential rock domain 21 is 
located in a discharge position relative to the target area (p 98,Main Report). 
Assume the existence of a gently-inclined zone close to mineralization in rock 
domain 21.  What would the effect of mining be? 

This has not been analysed in SR-Can. However, within the on-going site 
characterisation and modelling, the hydraulic contact between the lens (which the 
target area is located within) and the Singö zone is being investigated. If results 
indicate such a contact, the issue will need to be addressed in SR-Site as well. The 
implications of mining in rock domain 21 may be considered in this context. 

SKB has not performed any modelling of the geophysical signatures of a 
repository. Such modelling is of special interest when a potential site is located in 
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an ore province, as in the Forsmark case. Will SKB perform such modelling in 
order to elucidate the difference between real mineralization and an artefact? 
This issue is related to human intrusion scenarios. 

No such modelling activities are planned. 

9. Previously unknown structures?: Newly performed high resolution ground-
magnetic measurements in the Forsmark target area, identify a relatively dense 
pattern of low magnetic features (oxidized fractures?). The orientation of these 
features shifts in orientation across a NE-SW trending zone (p 100, Main 
Report).  

(Comment from SKB: The reference to the main report p 100 is unclear, the quotation 
cannot be found.) 

[a] Are these features captured by the detailed fracture mapping and fracture 
core logs?  

The ground-magnetic studies were performed after the publication of the SDM 1.2 
and, accordingly, not included in the condensed site description in SR-Can. The work 
in connection with model stage 2.2 shows that these features have been captured by 
the fracture core logs (note, for example, KFM06A, KFM06C, KFM08C). 

 

[b] Are they represented in the fracture DFN model?  

These studies were performed after the publication of the SDM 1.2 and, 
accordingly, not included in the site description within SR-Can. 

The orientation of the structures in question is NE-NNE The SDM provides a 
summary of the fracture analyses (p. 199) and stereograms show that this 
orientation is captured by boreholes (p. 204) and on outcrops (p. 258). The high 
resolution geophysics was used, among other reasons, for addressing the data-gap 
of sizes between outcrop fractures and regional zones. That is, the missing data in 
e.g. figure 5-70 (p. 260), discussed further in the Data Report. In short, the new 
measurements enabled us to identify new deterministic structures but they do not 
appear to radically alter the version 1.2 DFN. However, this remains to be 
investigated in coming SDMs. 

 

[c] Are they related to the fourth set of zones that strikes N-S?  

These studies were performed after the publication of the SDM 1.2 and, accordingly, 
not included in the site description within SR-Can. The genetics of these structures 
will be addressed in model stage 2.2. 

 

[d] In short, did the new high resolution magnetic data give new information 
(e.g. identified an unknown set of structures?).  
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The use of higher resolution instruments naturally adds more structures that are too 
small to be detected with the airborne geophysical data. The division of the SDM 1.2 
NE set of structures into two subsets (ENE and NNE) during model stage 2.2 is also a 
conspicuous improvement in our understanding of the structural geology of the site. 
So, clearly, we have obtained new information. Nevertheless, their existence was 
inferred from the DFN description, though they were not explicitly modelled. 

 

[e] Will the new data affect the subdivision of the main rock domain in 
Forsmark into fracture domains (cf. Fig 4-22)? 

The process of domaining according to fracture characteristics is ongoing. Naturally, 
the most recent data will be used in the process. 

10. Extensional features?: The conceptual models for deformation (p 103, Main 
Report) involve only deformation related to bulk crustal shortening. Is there any 
indication of extensional tectonics (e.g. related to the formation of the large scale 
N-S depression represented the Baltic Sea – Bothnian Sea)?  

The question is a bit tricky to provide a compact answer to. It is a matter of scale. For 
instance, most fractures have been subject to some component of extension at some 
stage of their history. This is not contradicting bulk shortening. In the SDM, and 
hence the Main Report of SR-Can, the only described purely extensional features are 
the sediment-filled, gently dipping structures near the surface. Though the 
deformation is obviously extensional in nature, the driving force appears nevertheless 
to be compressional, and vertical extension made possible by the proximity to the free 
surface. We are aware that the conceptual model of p. 103 is coarse and it will be 
refined in coming SDMs. Preliminary kinematic data along deformation zones is 
showing shear displacement related to both bulk crustal shortening and extensional 
tectonics, possibly at different geological times, along several steeply dipping zones. 
Furthermore, fractures along the gently dipping zones also show both compressional 
and extensional features. 

11. Connecting respect distance structures: Structures with assigned respect 
distances may terminate against structures with no assigned respect distances 
and thereby show up as zones with “blind termination” in the repository layout 
model. For instance, there is one such zone in the Laxemar model (ZSMEW900A 
terminating against an irregular NS-zone). Should not zones with respect 
distances be linked through the repository volume? (p 142 and 144, Main Report 
and D1 layout reports). 

Unsure of what the reviewer means with “linked through the repository volume”. We 
agree that blind termination and termination against a minor structure should be 
treated differently in the future. We know, for instance, that the process zone at the 
fracture/zone tip ought to be of the same order of magnitude as along its strike. At the 
same time, propagation is effectively hindered by truncation against other structures. 
In short, this aspect will be improved, but we have not resolved the associated 
complexities yet. 
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Site-Scale Groundwater Flow and Mixing 

12. CPM, ECPM and DFN models: 

[a] What are the site specific data inputs to the CPM, ECPM and DFN models? 
Are they derived from statistical fracture data or from direct local 
measurements at the site? If it is from fracture statistics, how can one be sure 
that these represent the real site (which is one single “realization”)? 

The data base for the different models is discussed in the underlying site-descriptive 
models (SDM), and is not a prime issue for the SR-Can project; hence, the discussion 
is found in the SDM reports rather than in the SR-Can report. First, it is noted that all 
models (DFN, ECPM, CPM) employ a deterministic description of deformation 
zones, and also include a separate description of soil domains. Thus, the three 
different models pertain to the rock mass only. To summarize, the following is noted: 
 

- DFN: is based on a statistical interpretation of geological fracture data 
integrated with short interval hydraulic test data (e.g. POSIVA flow log data 
and double-packer injection tests) from several kilometres of borehole. 

- ECPM: is an up-scaled DFN model resulting in a continuum representation. 
No new data relative to the underlying DFN model. 

- CPM: based on hydraulic test data only (double-packer injection tests).  
 
The results are not very sensitive to different realisations – this has been assessed by 
calculating the F and Qeq distributions for several realisations. Differences between 
realisations are marginal. The “realisation” that is the site can never be determined 
fully. However, its nature can be captured by a statistical representation of its 
properties, spatial trends, heterogeneity and correlations. The uncertainty in predicting 
the behaviour of the actual site can then be quantified by Monte Carlo methods using 
this statistical representation. Greater statistical significance will be achieved in SR-
Site since it will be based on the SDM for the CSI that is interpreted on the basis of 
geological mapping and hydraulic tests in more than 10 boreholes. 

 

[b] Besides accounting for DZs deterministically, how does the modelling 
account for spatial variation of fracture intensity and length? For example 
how is the MDZ handled in the flow modelling? How is flow anisotropy of 
the flow domain handled? If flow anisotropy is not included, is there field 
data showing that flow in the rock domain is isotropic? Has sensitivity 
analysis been made on flow anisotropy? 

SR-Can is based on the version 1.2 SDM’s for each site. For version 1.2, fracture 
properties were generally defined on the basis of interpreted fracture domains based 
on geology or clear depth trends. Statistical Hydro-DFN properties were assigned as 
piecewise constant within these fracture domains given the relative sparsity of 
boreholes. Fracture length distributions were derived for a stochastic model 
describing fractures with a range of lengths from the scale of a borehole (0.04m) to 
MDZ (1km), beyond which fractures were deterministic DZs. A Poissonian spatial 
point process was assumed. The resulting DFN simulations although based on 
piecewise constant statistics give rise to strong spatial heterogeneity in flow in any 
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particular realisation due to the random sampling processes, power-law fracture size 
concept and sparsity of the networks. 
 
Such variability in the frequency and magnitude of flow in the fracture network was 
calibrated against hydraulic data. Flow anisotropy was only considered explicitly at 
Laxemar based on some preliminary indications from hydraulic data there. Some 
sensitivity studies were performed as a consequence. After version 1.2, more data is 
available from a series of inclined boreholes of different trajectories, which support 
more apparent anisotropy in both fracture geometrical and flow properties.  
 

[c] There is a statement in the Main Report that undetected deformation zones 
cannot be ruled out (p 104). What is SKB’s approach to this? Have any 
sensitivity studies been made on the impacts? 

See answer to INSITE questions 6a! 

[d] What are the meaning and implication of deformation zones of lower 
confidence? Does it really mean that they may not exist? How should they be 
treated in flow modelling and sensitivity studies? 

Yes, it means that they may not exist. There are no such low confidence zones longer 
than 3 km in the potential repository volume – their potential impact are thus not 
layout determining. For the flow modelling, this actually means that by NOT 
including low confidence zones as deterministic features, more of the measured high 
transmissivities would be attributed to the HydroDFN describing the rock between the 
deterministic deformation zones. In SR-Can, low confidence deformation zones are 
included in the base case of flow modelling, but variants address the impact of their 
non-existence. 

[e] For a conceptual model represented by Figure 4-22, how much confidence 
does SKB have with the exact boundaries between the domains and zones? 
Should sensitivity studies be made on these details? 

There is certainly uncertainty in the domain boundaries. It could be worthwhile to 
assess the importance of this uncertainty in different calculation cases in SR-Site. 
However, we do like to place the repository in a volume far away from these 
boundaries. 

13. Fracture connectivity in the DFN model: Connectivity is recognised as a key 
factor in determining the flow-related migration properties of the rock (p 132 
and 248, Main Report).  How is connectivity being investigated, mapped and 
quantified?  

Connectivity is a result of the overall geometric properties of the fracture network. 
The percolation of groundwater is further affected by fracture flow properties and 
their heterogeneity. This is not in general investigated or mapped directly in the field; 
however, the intensity of flowing features measured in the PFL tests, for example, are 
a direct consequence of the connectivity of the network. In the numerical models, 
connectivity is mainly a function of intensity and length distribution, which can be 
difficult to measure directly. However, the resulting geometrical and flow 
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connectivity in the models is a key characteristic of the network that can be calibrated 
directly to both single-hole and multi-hole hydraulic tests. Multi-hole tests are being 
integrated into the CSI SDM studies. 

 

Excessive flushing of salt during hydrogeological simulations of future climate 
effects is speculated to be due to “too large a diffusive exchange between matrix 
and fractures, or to the lack of an adequate depth trend in conductivity in the 
parameterisation of the bedrock that was used” (p. 340, Main Report).  

[a] Has SKB excluded the possibility that an incorrect representation of 
fracture-network connectivity in the DFN models (e.g. neglect of a possible 
hierarchical structure for different scales of the fracture network) could also 
affect apparent fracture-matrix coupling for mass transfer, and thus give 
rise to difficulties in matching salinity profiles?   

No, this possibility is not excluded, even if not assessed explicitly in SR-Can. This 
effect can to a large extent be quantified in the numerical models by considering 
variants in the diffusion accessible porosity. Some such variants have been considered 
within SR-Can. Final SDM models are expected to provide more comprehensive 
answers on this issue. 
 

[b] What types of hydrologic and transport testing does SKB plan to use to help 
constrain these aspects of the models? 

This is an issue for SDM rather than SR-Site/SR-Can, but new data available for final 
versions of SDM and SR-Site include hydrogeological data and hydrogeochemical 
data that provide improved understanding of hydraulic conductivity with depth and 
diffusive exchange between fractures and matrix, as well as low transmissivity 
fractures. 

14. Fracture size correlation with transmissivity: There is a discussion on the 
fracture size-transmissivity correlation, but a number of other basic fracture 
characteristics seem to be missing: 

[a] What is the relationship between the geological and the hydraulic DFN? 
They must be related and can be related if information is obtained on 
variation of apertures over the network and on the probability of fracture 
infilling and sealing. 

The geological DFN is based only on geometrical data: intensity, orientation, etc., and 
is based on all fractures, open and sealed. The hydraulic data focuses only on the open 
and partially open fractures that are potential flow conduits, and integrates the 
hydraulic test data. For the version 1.2 SDM and SR-Can, the Geo-DFN provided 
fracture sets, orientations and length distributions for use in the Hydro-DFN. The 
intensity of flowing fractures was then calibrated against hydraulic data to ensure a 
realistic connectivity. However, although flowing fractures are clearly a sub-set of all 
fractures, it is not at all clear that statistics derived for all fractures are valid for the 
flowing sub-set. Hence, effort is being placed on addressing these issues in the current 
SDM studies 
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[b] Is there information on the correlation between classes of fractures with 
similar sizes and the mean spacing between them? This provides some useful 
indication about connectivity. For example, the spacing between the very 
long fractures is probably much smaller than the fracture length, but the 
spacing between short fractures (e.g., 1 m) is much larger than 1 m. This 
implies different degrees of connectivity at different scales; information that 
is useful in model representation of the rock domain. 

Such information is only available on outcrops. This has not been used because of 
questions of whether surface fractures are representative of conditions underground, 
especially as to the partition between open and sealed fractures due to mineral 
alteration etc. Realistically such data could be obtained in a tunnel wall.  

Again, connectivity for flow is mainly governed by the fracture intensity of open 
fractures, which is measured, and fracture length distribution, which has to be inferred 
from considering fracture frequency on different scales and outcrop. Finally, the 
connectivity of the interpreted numerical models can be cross-checked and fine-tuned 
against the frequency of flowing features. 

 

[c] Do the fracture data show clustering in space? 

That will depend on the intended scale of modelling. In Laxemar, a weak correlation 
was proposed for discretisation volumes of the order less than about 30 m whereas a 
poissonian spatial model was proposed for larger discretisation volumes (R-05-45, p. 
171). Forsmark is proposed to have an essentially poissonian spatial structure over all 
discretisation scales (R-05-26 p. 107): ”Within each domain, the spatial pattern of 
fracturing is well-approximated by a Poissonian model in which there is no 
correlation in fracture intensity and the location of each fracture is independent of the 
location of other fractures…” 

15. Influence of salinity distribution: CONNECTFLOW simulations of particle 
releases and salinity distributions at the locations of the Laxemar boreholes have 
been carried out for the velocity field at the present day.  Comparison of the 
simulated heterogeneous distribution of salinities with measurements seems to be 
critical for confirming the validity of the flow model which underpins the 
particle discharge flow paths.   

[a] What parameters are influential in determining the salinity versus depth 
curves in Figure 4-45, especially for example the kink in the curve for 
KLX01?   

The main parameters in determining the salinity versus depth curves are: the inferred 
reduction in hydraulic conductivity of one half order of magnitude at -600 m, the 
hydraulic conductivity magnitude in general, the top surface boundary condition 
defining the driving head gradients, and the flow wetted surface controlling rock 
matrix diffusion of salinity. 

[b] How much discrepancy is due to using the present-day velocity field rather 
than a transient palaeohydrogeological flow field, at least for the deeper 
parts of the boreholes?   
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As can be seen in Figure 4-45, the repository is located above the saline transition 
zone at Laxemar, and so the effect of saline water is expected to be limited on 
particles released from the repository as they will tend to stay above the saline region. 
Further flushing of salinity by meteoric water in the future could potentially lead to 
slightly deeper paths, and longer travel times, which is quantified by the release of 
particles at future times.  

A more general consideration of transport in a transient flow field that encompasses 
several climatic states will be made for SR-Site. 

 

‘Relatively fast migration of non-reactive species from near surface to depth’ is 
challenged by the distribution of isotopic compositions.  The importance of 
hydrogeological characterisation of Laxemar is emphasised in the analysis of 
reference evolution from which it is evident that drawdown prior to closure 
could approach repository depth unless substantial grouting is used (p 128-129 
and p 213-215, Main Report) 

16. M3 and CONNECTFLOW: Figures 3-3 to 3-9 are not easy to understand, and 
the diagrams may not show what the captions state.  It seems that they set out to 
compare the groundwater mixtures resulting from large numbers of realisations 
of the CONNECTFLOW modelling with the mixing proportions in water 
samples as calculated by the M3 model.  Are the model runs also simulating 
individual solute concentrations, as well as transporting the M3 end-members?  
It’s not clear what conclusions one should draw from these figures, which seem 
to present the most important outcomes in terms of the match between general 
modelling of non-reactive solutes and actual groundwater analyses (p 37- 42, 
Geosphere Process Report). 

For L1.2 SDM and SR-Can solute transport was modelled in terms of coupled 
groundwater flow and solute transport (advection, dispersion and rock matrix 
diffusion) of 4 reference waters. That is, it is approximated that the mixing fractions 
of the reference waters can be transported as conservative quantities. Given the 
mixing fractions at any point and time, a fluid density can be calculated for coupling 
to the flow equations. Given the mixing fractions at any point and time, and the 
composition of each reference water, the individual solute concentrations can be 
calculated simply. Plots of the modelled mixing fractions are shown and compared to 
those inferred by M3 to demonstrate the conceptual picture of different reference 
waters from different sources mixing within the bedrock over time. The 
concentrations of individual constituents are then calculated from the transported 
mixing fractions to compare with measured concentrations directly without reference 
to M3. In summary, the matching is done primarily based on the predicted 
concentrations of non-reactive solutes, but the mixing fraction profiles are still shown 
as they give a conceptual illustration of the mixing process. In the 2.2 SDM's 
numerical simulations are being run where the individual constituents are transported 
as an alternative to mixing fractions. 

17. Mixing and dilution during flow: Hydrochemical interpretation and M3 mixing 
modelling indicate that advective mixing is important over assessment timescales 
(p 50, Data Report and p 130, Geosphere Process Report).   
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[a] Is this long-term mixing and dilution process taken into account by the 
particle tracking which is used to model radionuclide transport?   

Particle tracking is done in steady-state velocity fields. Possible mixing effects due to 
temporal variations are thus not included in the radionuclide transport modelling. 

 

[b] Is the representation of dispersion the common feature in both modelling 
approaches and is it consistently parameterised and representative for 
timescale and spatial scale involved?   

Advective mixing of different reference waters occurs in the groundwater flow 
models according to the movement of the different waters under the driving forces: 
head gradients and buoyancy. The mixing is enhanced due to large scale 
hydrodynamic dispersion due to the velocity variations stemming from the spatial 
variability of hydraulic properties. This is modelled explicitly on the scale of the grid 
resolution. Sub-grid scale hydrodynamic dispersion and diffusion are incorporated 
using a classical Fickian model.  

M3 just models mixing proportions and does not consider the physical processes 
responsible. 

The radionuclide transport modelling models longitudinal dispersion. 

 

[c] To what extent is the degree of mixing at any point a result of advection and 
to what extent is it dependent on the dispersion term in the flow equation?   

The dominant mixing processes are advective mixing and large scale hydrodynamic 
dispersion according to the explicitly modelled spatial heterogeneity. The term 
representing sub-grid dispersion has little effect since the dispersion lengths have 
been chosen to be as small as is numerically feasible, i.e. about or smaller than the 
grid scale, or a few tens of metres. That is, our methodology aims to limit the need to 
model dispersion using an implicit model which is difficult to justify, rather effort has 
been made to model hydrodynamic dispersion explicitly by modelling the spatial 
heterogeneity realistically and on as fine scales as possible. 

 

[d] In the latter case, how well constrained is the dispersion term?  

Sub-grid scale hydrodynamic dispersion could be quantified based on particle 
tracking calculations through DFN models of the appropriate scale and including 
fractures down to the size of less than a metre, say. However, such detailed studies 
were not performed in SR-Can to yield parameters of relatively low importance, as 
discussed above. 
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Groundwater Flow in the Near-Field 

18. Influence of grout: In the modelling of the operational stage of the repository, 
three levels of grouting effectiveness are considered in terms of the hydraulic 
conductivity of the near-field rock: 10-7 m/s, 10-9 m/s, and 10-11 m/s, as well as the 
limiting case of no grouting. It is noted (p 212, Main Report) that levels of 10-9 
m/s are “rarely achieved using cement grout” and levels of 10-11 m/s are “never 
obtained in practice.” 

[a] What range of grouting effectiveness does SKB regard as realistically 
achievable for an extensive tunnel system such as a repository, and does SKB 
believe the effects of variability within this range (including heterogeneity of 
grouting effectiveness) have been adequately explored in SR-Can? 

The experience mentioned in SR-Can (p 212) is based on extensive experience from 
various tunnelling projects, primarily in Scandinavia. No further exploration of what 
is practically achievable has been done for SR-Can. However, it is also well known 
that the achieved sealing level in a tunnelling project is not purely a technical matter. 
Also the requirements on sealing stated by the Owner as well as the contractual 
arrangements have large impact on the final results. But for a project with high 
demands on a tight tunnel there is of course a technical limit on what is achievable 
controlled by 1) the possibility to penetrate the water bearing fracture network by the 
drilled holes for grouting and 2) by the penetrating capability of the chosen grout in 
especially the smallest apertures.  Factor 1) can partly be optimized if the alignment 
of the tunnel could be done with respect to the orientation of water bearing fractures. 
There seems to be a common opinion in the tunnelling community that some 95 – 
98% sealing efficiency could be practically achievable. Recent experience from well 
controlled production grouting has shown over 99% sealing effect and a resulting 
tightness of under 1E-9 m/s /ref: Funehag, J; Grouting of fractured rock with silica 
sol, Doctoral Thesis, Chalmers 2007/. Direct experience from tunnelling with high 
sealing demands at depths comparable to repository depths are however scarce. 

The final restrictions on acceptable seepage limits to the repository will likely be 
guided by: 

1.       the requirements to fulfil the works in the tunnels, where the placing of buffer 
and backfill is critical for flow (erosion and piping) 

2.       the risk for upconing of saline water to an open repository 

3.       the environmental impact caused by groundwater drawdown. 

Preliminary seepage limits have been assessed primarily based on restriction #1. They 
are more restricted than the preliminary requirements assessed for design step D1 
(SKB R-04-60) and applied in SR-Can. SKB is currently planning a full scale 
grouting experiment at the Äspö HRL that will explore the practically achievable 
seepage limits for what is believed to be a suitable grout design. Some results will be 
available for SR-Site. 
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[b] Do the ranges in repository resaturation times (p 242, Main Report) reflect 
model runs using different assumptions for grouting effectiveness, or is this 
primarily a function of other factors?  

No grouting is applied in these simulations, so differences reflect other factors. It is 
plausible that grouting would imply longer resaturation times.  

 

[c] Why is there less apparent uncertainty in resaturation time for Laxemar? 

For Forsmark only a generic 2D model was used, whereas a 3D model based on a part 
of the site-descriptive model and real repository design was used for Laxemar. 

[d] Which assumed level of grouting effectiveness is propagated forward in the 
reference case? 

We assume that the question refers to the groundwater flow simulations during the 
Temperate conditions. Here, the repository tunnels are back-filled with specified 
properties; no extra grouting is assumed. 

19. Hydraulics of deposition hole-rock interface: For flow-related migration 
properties, the relevant issue is said to be ‘the distribution of migration paths 
related to the scale of a deposition hole’.  Upscaling using various assumptions in 
the DFN model is used to quantify uncertainty in the F-factor.  What are the 
alternative models for transmissivity and for retention/diffusion around the 
deposition hole-rock interface that are encompassed in these estimates of 
uncertainty in F-factor? (p 112, Main Report and Section 6.6, Data Report) 

There seems to be a misunderstanding in the question. The transport resistance (F-
factor) is calculated along flow paths in the rock and deformation zones, not in the 
near-field (deposition hole or interface with the rock). In the near-field model 
(COMP23), the retention model is based on equilibrium sorption and diffusion. Also, 
there is a diffusive resistance in this model over the deposition hole-rock interface; 
maybe this is the source of confusion. 

It is also noted that we are conservative in assuming a release into the fracture with 
the highest advective flux irrespective of its position on the rock wall. Spalling is a 
pessimistic variant of the hole-rock interface. 

20. DFN model: In Table 10-8 (Main Report, p 427), the DFN model variant with 
fully correlated transmissivity vs. size, with spalling, is used in most cases.  

[a] Does SKB consider that the fully correlated model is the most reasonable 
model to use as the base case? If so, why?  

There is an indication from modelling the statistical distribution of flow magnitude 
measured in the PFL hydraulic tests that data can best be explained when some sort of 
correlation between fracture transmissivity and size is assumed. Models that use the 
uncorrelated model tend to  produce less spatial heterogeneity and variability in flow 
than is observed. Hence, we explore models based on either a direct or partial 
correlation.  
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[b] How does SKB plan to reduce lack-of-knowledge uncertainty as to the 
relation of transmissivity to fracture size, for SR-Site? 

We should not expect to be able to identify a unique definition for the 
hydrogeological parameterisation of the DFN, but based on a larger set of hydraulic 
data it will be possible to obtain an envelope of the potential parameter space. We 
also expect to make progress on other correlations such as transmissivity to 
orientation now there are inclined boreholes, and address the possibly more important 
issue of anisotropy. SR-Site will thus likely have to be based on several variants 
concerning this issue, and the analysis will show whether the consequences are 
acceptable 

Groundwater Chemistry in the Repository 

21. Degradation of plasticizers: What is the potential chemical significance of the 
degradation of grout/cement plasticizers? We could not find much about it (e.g. 
the Initial State report does not provide data on quantities of plasticizers) and it 
is not clear whether this has been taken account of in SR-Can, or, if so, which 
variables have been assessed for its possible impacts.  

Amounts of superplasticizers are given in Tables 7-7 and 7-9 to 7-12 of the Initial 
state report (TR-06-21) 

In TR 06 09, page 273 it is stated that the concentration of superplasticizers in 
groundwaters, and the concentration of any possible degradation product, will be 
negligible when compared to other organics naturally present in groundwater. 

SKB has started a collaboration project together with Posiva, Numo and Nagra to 
study the release of organics from cement samples containing superplasticizers, as 
well as the influence of both superplasticizers themselves and released organics from 
cement on radionuclide sorption under “normal” geosphere conditions. 

22. Sulphide in deposition holes: What are the assumptions and conceptual basis for 
estimating that the maximum amount of S2- that could be generated is ~10 moles 
per deposition hole?  The reference, Hallbeck et al 2006, is not yet available (p 
15, Geosphere Process Report). 

It is not clear what report and what page the question refers to. Presumably page 222 
of TR-06-09. The report R-06-104 (Hallbeck et al) is being printed. A pdf file will be 
delivered on request. 

In summary, the amount of degradable organics in deposition tunnels for Forsmark is 
62.5 kg of carbohydrates, 313 kg of hydrocarbons and 980 kg of biofilms. Assuming 
that these degradable organics have a composition as sugar (C6H12O6) and that each 
mol of organics can produce two mol of sulphide, the total amount of sulphide that 
may be produced in the deposition tunnels from degradable organic matter is about 
15000 mol. If all this sulphide is assumed to move from the tunnels into the 
deposition holes, then for each of the 6000 deposition holes it would result in 2.5 mol 
(less than 10 mol) of sulphide per deposition hole. Although there are uncertainties in 
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these calculations and in the amounts of organics introduced in the repository, 10 mol 
of sulphide per canister is for the moment the maximum estimate that SKB makes. 

23. Eh and redox: An argument is put forward that Eh should not be relied upon as 
the primary indicator of present-day redox conditions.  It is said that it is 
impossible to assign an overall Eh for the system because of disequilibrium, or 
partial equilibrium, among the various redox couples.  Moreover, the paper of 
Washington et al on quasi-equilibrium of redox couples if O2 is absent and if the 
concentrations of the relevant Fe and S species is >10-6 M is used to support the 
idea that redox should primarily be assessed on the basis of the basis of presence 
or absence of Fe2+ and HS-.  There needs to be quantification of what is meant by 
‘presence’, i.e. what is the significant concentration is this respect.  Uncertainties 
in these data also have to be considered.  Although the argument (p 24-25, 
Geosphere Process Report) about this is quite extensive, there are no comments 
on the likely uncertainties and what are the implications of measurements and 
related uncertainties so far available (i.e. up to the 1.2 SDMs).  Is it possible to be 
more definitive about this? 

(Unclear reference to the Geosphere Process Report.) 

For Fe(II) or Fe(tot) the detection limit is 0.4 �g/L but 20 �g/L is deemed as the 
“reporting” limit, that is, a concentration level at which the analytical method is 
deemed to give reliable results. For sulphide the corresponding values are 2�g/L and 
30 �g/L. For both methods the total uncertainty is thought to be 20%. SKB concludes 
that concentrations of Fe(II) above 0.4�10�6 M demonstrate that Fe(II) is undeniably 
present in the groundwater, and that this groundwater is certainly anoxic. For 
sulphide, any groundwater with analysed concentration above 1�10�6 M must be 
considered anoxic. 

24. Calculation of Eh: It seems that the Eh potentials are being calculated for each 
site by a ‘reference method’ which involves the ‘Grenthe’ equilibrium with 
Fe(OH)3.  Therefore a Fe2+ value must be estimated.  It is then stated that this 
method gives values of Fe2+ which are lower than observed and values of HS- 
which are higher than observed.  This seems to be a circular modelling exercise 
which is unconstrained by any real data.  The reported analyses of Fe2+ and HS- 
are rather variable and have various sources of uncertainty that have not yet 
been demonstrated to be consistently low (p 43, Geosphere Process Report).  Can 
some clarification be supplied of the constraints on this calculation of Eh and the 
comparability with actual measurements, both of Eh and of the redox-sensitive 
Fe and S species?  It seems that this confusing attempt to forward-model Eh is 
attempting to be a replacement for having adequate measurements of Eh, 
although it is an interesting aspect of checking consistency.  

(Unclear reference to the Geosphere Process Report.) 

It is unfortunate if the model is regarded as a confusing attempt to replace real 
present-day Eh data by model results. The purpose of the modelling is to evaluate 
future changes in Eh. For example, will groundwaters have higher or lower Eh at the 
end of the temperate period? The comparison with present-day Eh, Fe(II) and 
sulphide is a verification attempt only. The model is constrained, among other things, 
by the composition of the end-members, for example the sulphide and Fe(II) contents 
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of infiltrated marine waters or of superficial groundwaters of meteoric origin. The 
constraint might be poor, but the result is not believed to be a circular modelling 
exercise. 

In summary, the model produces calculated values of Eh, Fe(II) and sulphide based 
on the results of the hydrogeological model and on the assumed compositions of four 
end-member waters. A comparison with the few Eh data available for present-day 
groundwaters in SR-Can indicates that the model appears appropriate to describe the 
present-day Eh data at the sites. The amounts of Fe(II) and sulphide calculated by the 
model are in general lower than what is measured at the sites. This is at the moment 
the best instrument that SKB has to evaluate the future evolution of the groundwaters 
during the temperate period. It is not probable that a better method will be available 
for SR-Site. 

25. Fracture minerals: The chemistry of the groundwater in the bedrock fractures is 
sensitive to the reactive surface area and the reducing capacity available in the 
fracture zone. Fracture minerals are noted in the core log by their relative 
occurrence (p 349 Main Report). However, there are no data on the amount 
(volume) of separate fracture minerals (the total volume of fracture minerals is 
given for sealed fractures and open discrete fractures). The thickness of fracture 
fills in the core log is by default minimum 0.5 mm. The amount of fracture fills in 
deformation zones is neither measured nor estimated during core logging. How, 
then, are the estimates regarding the volume of fracture minerals in zones 
achieved?  

The estimated amounts of different fracture minerals in the fractures are based on 
observations from the thin sections and studies of fracture surfaces of a relatively 
small set of samples included in the fracture mineral studies carried out within 
Forsmark and Simpevarp (ca 200 samples /site) in combination with the boremap data 
(with the precision only in 0.5 mm) and discussions with the core logging personnel 
and our own observations of the core. Note that no statistics have been used and it is 
therefore obvious that the mineral volumes indicated are very rough estimates and 
more systematic high precision measurements are needed in order to produce reliable 
figures. An effort will be started to better estimate volumes of fracture filling minerals 
in SR-Site. 

Fracture & Flow Criteria for Deposition Holes 

26. Use of the DFN model: The efficiency of the deposition-hole siting criteria are 
found to be sensitive to uncertainties in the parameters of the fracture-size 
distribution in the DFN model (Main Report p. 330), which is assumed to be of 
power-law form.  

[a] Does SKB consider the fracture data available to be adequate to defend the 
power-law distribution for fracture size?  

It is correct as stated on p. 330, but the text refers mainly to the computation of 
epsilon (�). The quoted sensitivity study (originally presented in R-05-29 in which the 
method was developed) varied one parameter at a time, leaving the other parameters 
untouched. This is rather cautious approach as some of the tested parameter 
combination would yield unrealistic fracturing patterns (e.g. very low k + very high 
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P32). Additionally, the application of the FPI criterion essentially diminishes the 
effects of DFN uncertainties. In fact, ongoing work (R-06-115, in prep) demonstrate 
that the FPI criteria are essentially insensitive to variations (uncertainties) of the DFN. 

We consider developing more robust – flow rate related – flow criteria for the 
deposition hole, see SR-Can Main report section 13.6.4. Also see our more developed 
answer to the EBS-group question no 15. 

The fracture size models have been subject of various statistical test and the 
powerlaw, with few exceptions, is the size model that best fit the data. Unless ongoing 
investigation, fine tuning of DFN methodology, etc, reveals new information, we have 
today no reason to either question the general suitability of the data, or to abandon the 
Powerlaw size distribution, which is the only distribution capable of simultaneously 
honour information stemming from multiple scales. 

 

[b] If not, what are SKB's plans to gather more data, either to confirm this part 
of the DFN model or to test the consequences of alternative DFN conceptual 
models and/or parameterizations?  

As discussed in the Data Report, the handling of DFN uncertainties needs 
improvements. We have initiated a number of investigation efforts to improve the 
uncertainty aspect of DFNs in future work. We have, additionally, drilled an array 
of boreholes dedicated to improve DFN modelling and improve the Geo-Hydro 
integrative modelling. 

 

The results are sensitive to the extreme tails of distributions that are calculated 
from complex hydrogeological model with stochastic components, but only one 
realisation of the hydrogeological model was executed. SKB recognises that the 
extreme tails may not have been adequately characterised and suggests more 
extensive hydrogeological simulations may be needed for SR-Site. This raises the 
following questions: 

[c] Does SKB mean to suggest that the extreme tails can be adequately bounded 
simply by more extensive simulations with more realisations, i.e. without 
considering alternative DFN models as well? 

Clearly, alternative DFN models need to be considered. For SR-Can the tails were 
poorly bounded because of the sparsity of data. One of the key ‘tail’ areas is the 
distribution of transmissivity for large stochastic fractures. It is proposed that for SR-
Site, the methodology for defining the distribution for transmissivity of the stochastic 
DFN be better tied in with the statistic of transmissivities measured for the 
deformation zones. That is, rather than just extrapolating the transmissivity of large 
fractures from the distribution of flow in the PFL tests, that it also be conditioned to 
the distribution of hydraulic tests data in zones. 
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[d] Does SKB consider that these and other “very hard to authenticate” 
uncertainties in the DFN model (Main Report, p.  561) can be addressed 
through modelling, or is further site characterisation needed?   

The validity of various assumptions, e.g. tectonic continuum, can indeed be tested 
by further modelling. Consideration of additional distributions - and their potential 
impact is an important alternative route forward. There is a limit to what more 
surface based investigations can give. We recall, however, that the present DFNs are 
used to predict fracture properties in rock volumes that will be investigated in detail 
eventually. Though the deficiencies of the DFN models, and their uncertainties, 
affect our predictive capabilities, the DFN model produced on underground 
information is anticipated to contain less uncertainties and constitute a far more 
stringent representation of the fracturing in the rock volume of interest. 

 

[e] How will the underground construction stages produce the required 
information on mesoscale fractures/MDZs, size-transmissivity correlations, 
and network connectivity, if data from surface-based investigations are 
judged to be inadequate?  

The underground characterisation programme is still developing. However, in 
general, data acquisition from tunnels will offer new possibilities – not attainable 
from the surface. For example, Cosgrove et al. (SKB R-06-39) discuss “Geological 
characteristics of deformation zones and a strategy for their detection in a repository”.  
The report shows that indeed there are possibilities to at, least coarsely, estimate sizes 
of fractures and zones from a tunnel. 

Regarding hydraulic properties, several opportunities are open. It would be possible to 
carry out cross-hole tests from characterisation drift, at interesting depths. We are 
currently exploring the potential use of such tests by the shallow array of boreholes 
drilled for DFN methodology purposes (KLX09x and KLX11x) at Laxemar, but 
carrying out cross-hole tests at more interesting depths using surface based boreholes 
is not practical. 

Another important possibility could be to compare Hydro-DFN model predictions, 
with measured transmissivity fields in pilot holes drilled within the tunnel periphery 
and in a second step – after excavation, try to identify the character (and size) of the 
features suspected to be the contributors to high T in the pilot hole. 

Experiences from the ongoing characterisation and modelling work, and especially 
the “prediction/outcome studies” carried out by Posiva in the ONKALO facility (see 
e.g. Olkiluoto Site Report 2004, POSIVA-05-03) will also be considered. 

 

[f] The MDZ study could contribute to the description of the character (incl. 
natural variability along the extension of structures) of fractures of different 
sets, i.e. help to achieve site specific geological criteria for identifying 
discriminating fractures. The MDZ project in Laxemar may also provide 
site-specific information on fracture characteristics related to rock type. Will 
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the results of the MDZ project be used as reference data in the 
characterization of discriminating fractures? 

The main purpose of the “MDZ project”, the “DFN holes” and similar special studies 
is to gain additional knowledge on potentially critical structures. Certainly, the results 
of these studies will be exploited to the furthest extent possible within the limits of 
scientific defensibility. The MDZ project of Laxemar has already (post SDM 1.2) 
provided us with vital information; the data gap in trace length between outcrop scales 
and lineament scales has been demonstrated to be populated. This was previously 
assumed, on well founded assumptions, but is now confirmed. 

27. Use of FPC and EFP criteria: The rejection criterion for location of deposition 
holes is that they should not intersect a fracture with a diameter greater than 75 
m; defined as discriminating fractures. The question arises as to whether this 
criterion can be applied in practice, as the possibility to identify such 
fractures/fracture zones (and to exclude shorter ones) at repository level is 
limited.  

To meet with this in practice, a full perimeter intersection criterion (FPC) and 
the variant EFP (Extended Full Perimeter Criterion) have been inferred. This 
implies, that deposition borehole positions that are intersected by a fracture with 
a minimum radius of 4 m (the diagonal across a deposition drift is c. 8 m) will be 
rejected. The distance to an adjacent deposition drift is in the order or 40 m, 
which implies that there is a possibility to correlate observations of FPC 
fractures, depending on their orientation, between depositional tunnels, i.e. map 
FPC having a radius exceeding 25 m.  

[a] Will such interactive modelling of the depositional drifts be performed?  

The programme for detailed underground characterisation is currently being 
developed, and we cannot, at this instance, provide any details on this matter. 
However, we anticipate an essentially continuous deterministic modelling of meso- 
and macro-scale fractures as essential for a successful characterisation. In addition 
to traditional mapping, a set of geophysical instruments, such as borehole radar, 
micro-seismics, cross hole tomography, etc is anticipated to add adequate 
information that combined with the mapping, will be used in the modelling to 
identify and characterise critical structures. 

 

[b] High resolution geophysical tools are needed to get a better spatial control of 
the location of extensive fractures. Will borehole radar be used and, if so, 
how will the tool specific limitations of radar (low ability to detect structures 
intersecting a borehole at a high angle; dead angle) be compensated for? 

The geometrical configuration of deposition holes, deposition tunnels and 
transportation tunnels is such that they form a more or less perpendicular array of 
sampling domains. A method that is weak in one sampling domain will be favoured 
by another. The example brought forward by the reviewer, radar, is indeed weak 
perpendicular to the sampling domain, say perpendicular to a deposition hole. On the 
other hand, radar ought to be a successful method for mapping structures parallel to 
the deposition tunnel, i.e. those encompassed by the EPFC criteria. Again, we wish to 
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accentuate that the characterisation programme is ongoing, and the answer provided 
here might be subject to changes. See also previous answer. 

 

[c] Strictly applied, the FPC/EFCP criterion alone may cause loss of positions 
for depositional holes. How does SKB expect such potentially decreased 
utilization to affect space availability for the repository? 

Our current layouts take account for the loss of positions resulting from applying 
these too strict rules – and the effect is judged acceptable. This is clearly stated in 
section 4.4.as well as in the Summary of the Main report. (Main Report p.16):“A 
degree-of-utilisation is estimated by considering mechanical stability, the probability 
of deposition holes intersecting fractures or deformation zones with radius R > 75 m, 
and the inflow of water to tunnels and deposition holes using criteria defined in preset 
design premises. The degree-of-utilisation affects the size of the repository in the 
layout, i.e. the repository is made large enough to find space for 6,000 accepted 
canister positions. At Forsmark, the degree-of-utilisation is 89% in the layout and at 
Laxemar the design is based on a degree-of-utilisation of 80%. ”. Furthermore, when 
underground the detailed data and understanding of the site will allow explore for 
various means of reducing the unnecessary loss of positions, currently resulting from 
applying the EFPC rule.  We anticipate to be more efficient in reality. 

28. Other location criteria: Additional key criteria (site specific) for identifying 
discriminating fractures are proposed to be: fracture aperture, shear 
displacement, deformation zone thickness, wall rock/fracture infill alteration and 
hydraulic conductivity.  

[a] How does SKB plan to discriminate fractures using either individual 
characteristics or combinations of characteristics?  

See answer to question 27.  

 

[b] The stability of grout is relatively short. Depending on when the grouting of 
deposition holes is performed, it may affect the hydraulic character of 
fractures intersecting the deposition hole that are used in the acceptance 
criterion for the deposition hole. How will this aspect of hole evaluation be 
managed? 

We agree with the statements made “Its practical applicability needs also be 
considered, including assessing “skin-effects” and the effects of potential 
disturbances from grouting before measurements are conducted.”(see section 13.6.4, 
p 550 Main report). We are currently exploring how to refine our acceptance criteria, 
also considering disturbance from grouting, for use in layout D2 and in SR-Site. It is 
too early to speculate what the final criterion would be – but one possibility could be 
to exclude holes with obvious signs of grouting (e.g. visible large grout-filled 
fractures intersecting a deposition hole). 
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Repository Evolution 

29. Open period and resaturation: The repository open period and resaturation 
mode seem to be rather poorly understood at present.  

[a] It is not clear, for example, how the findings presented on p 212 for the 
Forsmark site would vary, depending on how long the repository remains 
open. Figure 9-10, for example, does not state how long a period was 
modelled. Has SKB looked into this?  

For Forsmark, only a pseudo steady-state simulation was performed; i.e., the time 
aspect of how long the repository remains open was not addressed. However, the 
steady-state simulation provides a bound on the effects. For Laxemar, more detailed 
simulations involving specified opening times for different parts of the repository 
were considered. 

 

[b] Will SKB do more work to look into the thermal and resaturation behaviour 
of the repository for a situation where emplacement takes place over many 
years? The Geosphere Process report (p 29) only looks at phased 
emplacement impacts on the temperature evolution of individual deposition 
holes. 

Hydraulic impacts of phased operation were considered already in SR-Can, at least 
for Laxemar. For SR-Site we will consider if additional analyses are needed. 

30. Effect of ventilation: After some years of operation the repository will be quite 
hot and require substantial ventilation. Has SKB analysed the possible effect that 
this would have on (a) water and oxygen movement/mass balances (b) 
resaturation and (c) operability in tunnels near filled tunnels? 

No, this has not been included in SR-Can. 

31. Bentonite buffer loss under current conditions: It is stated that bentonite buffer 
may be lost when it is exposed to glacial melt water flow, but the extent is 
uncertain.  This presumably depends on groundwater flow velocity or flux, and 
also on whether there are stabilising minimum cation concentrations (p 23, 217-
219, 356, Main Report).   

[a] If there is not a specific threshold condition that controls this effect on 
bentonite, then is it possible that it will also occur, but just more slowly, in 
ordinary groundwater conditions especially where there is fresh 
groundwater at repository depth as at Laxemar?  This has been examined as 
a ‘stylised case’ in Chapter 9, but the site-specific implications for e.g. 
Laxemar where inflows would be ‘considerably higher’ may not have been 
fully considered.   

It is quite clear from both experimental studies and colloid theory that there should be 
a threshold concentration where the attractive forces between particles are stronger 
than the repulsive forces, see the SR-Can Buffer and backfill process report for 
details.   
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[b] Though large scale bentonite loss seems unlikely because of the volumetric 
constraints, a redistribution of bentonite from buffer and backfill would 
perhaps be a non-negligible possibility.  Have the implications of this been 
fully considered?   

This is presented in the SR-Can report, section 9.3.9, subheading “Swelling of buffer 
after piping or due to initial mass deficit”. 

Calculations have been done to estimate how much buffer can be lost before the 
safety functions for advective transport and microbial activity is lost.  

The effect of a lost buffer is also considered in the radionuclide transport calculations. 

 

It is noted (p 356, Main Report) that predictions of loss of buffer mass could be 
non-conservative since the models used assume just diffusive mixing in fracture 
waters from the buffer-water interface, and do not take into account repulsive 
forces between clay particles (due to electrostatic surface charge) that could 
increase the rate of removal.  

[c] Has SKB made any scoping calculations of the significance of this non-
conservative assumption? What plans are there to resolve this question? 

Yes, cases where advective conditions are assumed from the beginning of the 
assessment period are analysed and demonstrated to have consequences that are quite 
similar to those where the diffusive erosion model is used, see sections 12.3 and 12.7.  

SKB has initiated an extensive project to study buffer colloid formation. The aim of 
the project is to produce a quantitative model for the process to be used in SR-Site. 

32. Pathways through backfill: What are likely to be the preferential transport 
pathways for migration of radionuclides through backfill?  It seems probable 
that these pathways might be dominated by heterogeneities in which coarse non-
sorbing crushed rock predominates.  Is an alternative model for this being 
considered? (p 94, Data Report) 

Different transport mechanisms with scoping calculations in a malfunctioning backfill 
is discussed in one the references to SR-Can /Neretnieks 2006 R-06-92/. One of the 
cases was when the backfill had lost it swelling pressure on a continuous pathway in 
the top of the tunnel was formed. The conclusion was that the consequences of such a 
case still would be rather limited and the case was not considered further in the SR-
Can report. Still, such case may be included in SR-Site, in particular since it could 
also have an effect on the overall hydraulic situation, see section 10.5.7, subheading 
“Effect of lost swelling pressure in tunnel backfill” of the SR-Can main report. 
Preliminary analyses to address this issue are on-going. 

During the SR-Can project, one of the conclusions was that the 30/70 backfill was 
inferior to the Friedland concept in most respect and therefore the concept was not 
carried through the entire assessment.     
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33. Modelling THM coupling: During several phases of the international 
DECOVALEX project SKB has used the Abaqus code to study coupled THM 
processes in the near-field of a KBS-3 type repository layout, with good results 
compared with many other research teams. Why did SKB change to distinct 
element modelling with 3DEC for the SR-Can near-field assessment?  

The 3DEC code is specifically designed for the analysis of jointed media, such as 
fractured near-field rock. The near-field models analyzed within the SR-Can project 
contain multiple intersecting fractures. Such models would not have been possible to 
analyze with ABAQUS. The 3DEC thermal logic allows for explicit account of many 
thousands of time-dependent heat sources that can be positioned according to typical 
KBS-3 layout solutions. The heat sources can be located within our outside the near-
field model actually being analyzed. This means that it is not necessary to derive 
thermal boundary conditions, and consequently that models can be analyzed at all 
time-scales. 

34. Thermal stresses in overburden rock: SKB has applied 3DEC to calculate T-M 
stresses of the region between the repository and the ground surface with the aim 
of determining the depth of tensile stress in the upper sections and variations in 
transmissivity for the given in-situ stresses at Forsmark (Hökmark et al. 2006). 
Has SKB analysed the global effect on strength, deformability and relative 
transmissivity from the thermal loading for the major deformation zones at the 
candidate site? 

In SR-Can, see Figure 9-21 p 237 Main report, (with more detail in Hökmark et al. R-
06-89), there are estimates of stress effects on the transmissivity of hypothetical 
vertical fracture zones. These analyses may be updated in SR-Site, considering the 
updated site specific stress models, layouts and deformation zones. 

Regarding the mechanical impact of major deformation zones, it should be noted that 
such zones are located at a distance at least equal to respect distance to the DZ > 
100m. It has not been yet considered to be of high priority to see what effect this has. 
Possibly, this can be considered for SR-Site 

For SR-Site, when layout D2 and SDM v2.2 are at hand, there will be attempts to fit 
verified fracture zones into the actual layout, either directly in 3D numerical models 
(3DEC) to model the response, or indirectly using analytical solutions (Claesson and 
Probert, SKB TR-96-13) to find the relevant stress histories. Results from generic 
preliminary 2D UDEC simulations can be found in TR-02-08. 

The EDZ, Thermal Impacts and Spalling 

35. Further in situ work: The EDZ and its hydraulic properties are presented with 
some hesitancy. Page 207 includes the remarkable sentence beginning: “In 
conclusion, it is reasonable to assume that in general, provided that…..”. 

For example, although SKB claims (p. 207) that the EDZ in the deposition 
tunnels will not form a continuous hydraulically conductive path, it has not been 
convincingly shown that there will be no continuous (though perhaps tortuous) 
longitudinal high-transmissivity flow paths in the EDZ around tunnels and 
deposition holes.  
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[a] Are there definite field data proving this? 

It should first be noted that SR-Can actually explores the impact of a continuous and 
very transmissive EDZ, and even this rather extreme assumption has negligible 
impact on all safety functions, see section 10.5.7, sub-heading “Effect of extensive 
EDZ”. The safety case does not rely on the possibility of discontinuous EDZ. 
However, judging from data this seems to be the more likely situation, rather than 
assuming a continuous one. 

The conclusion of a discontinuous stems from the EDZ studies in the APSE tunnel, 
Äspö HRL. Its as based on observations from a series of slits sawn in the tunnel wall, 
which clearly shows that blasting damage varies along the blasting borehole. 
Furthermore, to our knowledge there is not a single reported large scale experiment 
that actually shows that such a continuous flow path develops. 

[b] Has SKB considered that blasting of the tunnel will fracture the rock mass 
within a few tens of cm of the tunnel wall and that the damaged zone has 
lower strength and therefore has a propensity for spalling which might 
enhance hydraulic conductivity along the tunnel? 

We cannot see the blast damage as a potential for increased risk of stress induced 
spalling. Instead, an increased damage will cause a softer rock, forcing the stresses to 
be concentrated further out from the contour (compare so called release blasting 
applied in mines to reduce stress problems). 

[c] Does SKB plan to carry out more in situ work to characterise the EDZ prior 
to license submission? For example, a key issue for safety is the excavation 
and thermally induced damage zone adjacent to the deposition hole and the 
related increase in porosity and flow.  What type of experiments is SKB 
intended to perform to learn more about the processes in the rock and the 
possible reduction of spalling from the bentonite? In-situ tests at the actual 
site and at repository depth as suggested in section 13.8.5 might be too late. 

Yes, such plans are being developed, primarily for SR-Site, but will most likely also 
be continued for the following phases of the repository implementation. There is also 
ongoing co-operation with Posiva on these matters. 

[d] Will SKB use any such in situ tests to develop and trial QA procedures for 
ensuring EDZ standards are met during construction? 

Yes. 

36. Hydromechanical properties of the EDZ: The effect of near-field 
hydromechanics has been studied on only a few discrete fractures, using 3DEC.  

[a] It is known that there may be small fractures in the neighbourhood of the 
main fractures and also that small fractures may be present in the rock mass. 
How would excavation and stress redistribution affect the smaller fractures, 
and would they be able to make new flow connections and hence increase 
transmissivity? 

No significant effect, see answer to question 35b. 
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[b] In the context of DFN representation of rock domains used by SKB, how are 
hydromechanical changes due to stress redistribution accounted for? We 
know from the literature, such changes could include increase in flow 
anisotropy and channelling effect in the DFN. 

This is studied in the actual 3DEC simulations (Hökmark et al. 2006, R-06-88). 
Simulations show that THM effects only are important very close (a few m) to the 
deposition holes (see e.g. Figure 9-20 in SR-Can main report). From this we judged it 
unnecessary to make any changes in the DFN-model. Had such changes been 
significant we were prepared to modify the HydroDFN accordingly. This could be 
quantified by modifying the local transmissivity and aperture of fracture adjacent to 
the tunnels. This could possibly increase Qeq, but F would not change very much. 

[c] In calculations of flow and transport, it has been shown that an EDZ with 
two orders of magnitude higher in transmissivity than the rock domain does 
not have a significant impact. Has such an evaluation been done for the 
glaciation advance or retreating periods? During these periods, the hydraulic 
gradients are changing in direction and are large in magnitude, and these 
may act directly along EDZ zones around tunnels. 

In the glacial simulations presented, no EDZ was included due to resolution 
limitations. (For the Temperate simulations, the increase in EDZ was not two but one 
and half orders of magnitude.) 

37. Depth of thermal spalling: On p 240 in the Main Report, SKB claims that, at 
present, there is no way of directly calculating the actual shape and depth of 
thermally induced spalling. What modelling strategy will SKB follow to 
determine the shape and depth of excavation and thermally induced fracturing 
and approach the mitigation of spalling in SR-Site? 

In the SR-Can main scenario, spalling is assumed to occur in all deposition holes a 
few years after deposition. The damaged zones, two for each deposition hole, are 
assumed to be of triangular cross section with a depth of 0.1 m and to extend from top 
to bottom of the holes. The cross-section areas of the zones are 0.01 m2 (each zone). 
These figures are based on preliminary interpretations of observations made in the 
unsupported APSE deposition hole. The zones are assumed to have an infinite 
hydraulic conductivity.  

We now intend to arrive at more realistic upper bound estimates, relevant of holes 
with a supporting pellets filling. We will draw, in particular, from the modeling 
experience made by AECL and the University of Alberta when attempting to 
reproduce the failure geometries in heated and-unheated large scale experiment 
performed in AECLS’ URL. 

38. Spalling impact on thermal conductivity: Rock thermal conductivity and 
capacity determines the canister spacing of the suggested layouts at both sites. 
The fact that spalling is likely to take place for all canisters for the first 1000 
years after closure will cause a reduction of the thermal conductivity and 
capacity in the spalled sections of the deposition hole. Has SKB considered this 
effect in the THM calculations? 
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No, there has not been any explicit consideration of heat conductivity reductions in 
spalled rock volumes. If there is a pellets filling between the bentonite blocks and the 
rock wall, rock fragments that are formed during the initial phase of the failure cannot 
detach completely from the rock wall, but will obstruct or prevent the propagation of 
the failure. The damaged zone will be characterized by an increased porosity and an 
associated reduction of the thermal conductivity. 

A conservative approach would be to assume that the geometry of the failure (or 
damaged zone) would be that of typical thermally induced failures in the walls of 
unsupported openings (e.g. APSE failure, or the heated failure test at AECL´s URL in 
Manitoba.). The depths of these failures were about 5 cm and 7 cm, respectively. 
Laterally the damage covered some 30-35% of the periphery. 

A much more conservative approach (and which can be used to make very 
conservative bounding estimates of the effects of conductivity reductions in the 
damaged zone) would be to assume that the depth of damage is 15 cm around the 
entire periphery of the deposition hole and that the zone extends from top to bottom. 
Then textbook steady-state expressions can be used to find the temperature effect 
(increase in inner buffer boundary temperature) that would follow from given 
conductivity reductions in the damaged zone. The figure below shows an example. 
Reducing the conductivity in a 0.15 m annular region around the deposition hole from 
3.5 W/(m·K) to 1.5 W/(m·K) would increase the inner buffer boundary temperature 
by about 2.7 ºC, given that the canister surface heat flux is about 86 W/m2  
(approximate KBS-3  canister value after 10-20 years). In reality the damage will 
cover only some 30-35% of the periphery, have a much smaller average depth and 
probably give much less conductivity effects. This shows that effects of spalling on 
the temperature of the canister/buffer system can be ignored.  
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Temperature vs radius for different assumptions regarding the conductivity of a 0.15 
m annular region around the deposition hole. The inset shows the expression used to 
calculate the temperature drop across the damaged zone.. q(t) is canister surface flux. 
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39. Thermal anisotropy: The preliminary results of the large-scale thermal test at 
Forsmark have demonstrated the thermal properties to be anisotropic. Does 
SKB intend to develop computer codes and include anisotropy in future thermal 
site descriptive modelling and design for the two sites?  

Since thermal anisotropy was yet uncertain in SDM 1.2 it was not considered in SR-
Can or in the layout D1.  

The calculational tool now used to convert the findings in the thermal site models into 
temperature calculations (to assess the maximum bentonite temperatures and thus 
guide in canister and tunnel spacing decisions) can be modified to take anisotropic 
heat transport into account. The principal directions of the conductivity tensor must, 
however, be assumed to be along the tunnel axis, along the vertical and across 
tunnels, respectively. Preliminary results indicate that the anisotropy factor suggested 
for Forsmark (around 15% ) will give only insignificant differences compared to 
corresponding isotropic cases (i.e. with �3 = �x·�y·�z). This difference will be handled 
similar to the way uncertainties, for instance in bentonite thermal properties, are 
handled. 

40. Spalling and bentonite erosion: Since the swelling bentonite is initially a gel and 
therefore can be too soft to stop the water inflow it can be subject to piping and 
erosion. This process is enhanced by the initial and thermally induced spalling. 
To what extent can bentonite migrate into the fractures of the spalling zone, and 
if so, how much will it reduce the swelling pressure of the remaining bentonite?  

The characteristics of the individual fractures and the fracture network in the spalling 
zone are not known and consequently not the capacity of these fractures to transport 
low density gels to intersecting high flowrate fractures. This capacity would 
determine to what extent the spalling zone enhances erosion and loss of buffer. 
(Bentonite that migrates into unconnected spalling zone fractures will not reduce the 
density of the remaining buffer, irrespective of the volume of the fractures since that 
fracture pore volume was created at the expense of the volume taken up the remaining 
buffer). To assess the importance of the spalling zone to piping and erosion we will 
attempt to arrive at upper bound estimates of the effective transport capacity of the 
spalling zone, taking into account the interaction between the rock walls and the 
pellets filling during the failure process.   
It should be noted also that in SR-Can it is assumed that there will be thermally 
induced spalling in all deposition holes. In reality spalling is likely to take place 
mainly in dry deposition holes, i.e. deposition holes without any support pressure 
from the swelling bentonite buffer. Experience is that support pressures much smaller 
than the swelling pressure of fully saturated bentonite, will be sufficient to suppress 
spalling (TR-07-01). Erosion and piping, on the other hand, are processes in 
deposition holes with a high water inflow. 

Initial spalling will not affect the buffer since the damage can be repaired (presumably 
with bentonite). The current concept is to fill the rock buffer void with pellets which 
will eliminate the risk of rock fall out during thermal spalling. Bentonite extrusion 
into fractures normally extends for about 10 times the fracture width. This means that 
even if there is an extended fracturing in the wall in the deposition hole from thermal 
spalling, the mass loss of bentonite will be negligible.     
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Glacial Impacts 

41. Timing of glaciation: The adoption of a past glacial cycle as a model for the 
future is a generally sensible approach and is well handled in SR-Can. It appears 
that glacial impacts would have higher significance if they were to occur early. 
Has SKB considered the probability of either (a) early on-set cooling, leading to 
glacial conditions in the first 20,000 years or, (b) longer lasting glacials, and the 
sensitivity of the risk results to such a possibility?  This would presumably mean 
evaluating the actual uncertainty in climate model predictions, rather than 
saying that, because this is a contentious area, they opt for a single model. 

a) Early onset cooling leading to glacial conditions in the first 20,000 years: In the 
base variant of the SR-Can main scenario, glacial conditions do occur in first 20,000 
years for parts of Scandinavia, but not at the two sites. An early ice sheet arrival at the 
two sites will be discussed within the planned studies mentioned below. In light of 
present knowledge on global warming, this base case based on the repletion of 
conditions during the last glacial cycle may be seen as a case of early ice sheet arrival. 
An early arrival of permafrost conditions, which is more easily envisaged than an 
early arrival of an ice sheet, are described in the Buffer freezing scenario /TR-06-09 
section 12.4, and TR-09-23, section 4.4.1 and 3.4.4/. 

b) Cases of longer lasting glacials, with longer period of glacial conditions, are 
planned to be analyzed in the SR-Site safety assessment. 

It should also be noted that the canister failure modes that finally contribute to risk in 
the SR-Can assessment, i.e. the buffer advection/enhanced canister corrosion failure 
and failures due to earthquakes are not particularly sensitive to early onset or longer 
lasting glacials (based on the current knowledge of the buffer erosion process). 

42. Site-specific sensitivities to glaciation: To what extent is a generic concept for 
glacial impacts on groundwater compositions adequate, and what evidence is 
there that Forsmark and Laxemar might have site-specific responses to glacial 
effects?  Are there any specific features of the two sites that SKB considers might 
be especially sensitive to glacial impacts?  For example: 

[a] How has SKB quantified the possibility that glacial cycles might significantly 
modify the transmissivity of specific major deformation zones (p 102: p 333 
notes that maximum displacement will be modest), causing changes in the 
flow field over the 1 Ma period? If this mechanism is reasonable to assume, 
could it affect the safety case in any way? Page 333 also notes that 
displacement would occur along specifically oriented fractures. What are the 
orientations of such fractures in the two sites? 

 

In the Main Report (p 317) we state: 

“Possible changes in fracture transmissivities caused by shear displacements are 
more difficult to estimate, but /Hökmark et al. 2006/ concluded that the modest 
shear stress increase for a limited fraction of the fracture population seems to be 
too small to cause significant and systematic shear displacement.” 
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Current modelling is uncertain – a major problem in SR-Can was that in the glacial 
model /Lund 2005, p. 332/, the crust was represented by a 100 km thick homogenous 
and incompressible elastic plate with uniform elastic properties and the mantle 
represented by an ideally visco-elastic medium. However, down to a depth of a few 
kilometres, the rock mass deformation modulus is about 1/3 of the crustal average 
used and the real crust is not incompressible. Scoping analyses suggests the effects 
are much smaller when correcting the modelling, but we plan to improve this 
modelling in SR-Site to get a more firm handling of this issue. 

To be able to tell which fracture orientations are more amenable to shear 
displacements than others, requires knowledge of the local stress fields prior, during 
and after the glaciation, fracture friction, pore pressures, etc. We had not, for SR Can, 
any 3D results of crustal stress modelling for glacial conditions. The planned 3D 
modelling is anticipated to provide such information but the uncertainties are 
anticipated, naturally, to be quite large. 

We recall, however, that the fractures of interest for the safety case, in terms of 
reactivation, are those that intersect deposition holes. The modelling quoted on p. 333, 
indicate that the fractures in question are in the upper end of those subject to e.g. the 
FPI criteria. Such fractures will most certainly be deterministically 
modelled/determined and hence avoided for deposition. In addition, the shear 
displacement are much lower than the canister failure criterion. That is, should such a 
fracture be missed by the FPI criteria and the tunnel mapping and the geophysical 
investigation, then the shear displacement will, according to the computation, not 
jeopardise the integrity of the canister (p. 334): “…The shear displacement may 
amount to about 3 cm for 400 m diameter fractures and correspondingly less for 
smaller fractures…” 

 

[b] The Jaquet & Siegel modelling suggests that fresh melt water penetration is 
rather localised and therefore would be expected to be different for the two 
sites (p 99, Data Report and p 76, ‘Groundwater Chemistry over a Glacial 
Cycle’ Report). 

Simulations have only been performed for one site, but the conclusion drawn by the 
reviewer appears correct, i.e., site-specific conditions may influence the water 
penetration also during glacial conditions. However, there is evidence in the hydro-
geochemistry based on �18O for the penetration of glacial water at the sites suggesting 
some diluted glacial water down to about 1km.   

 

[c] “The model (Forsmark) suggests that the character of the gently dipping 
zones with increased frequency of open fractures, incohesive breccias and 
clay minerals, is the results of rapid unloading during the removal of ice and 
significant magnitude of differential stress during the Quaternary”. This 
implies, that, what could be attributed as post-glacial deformation has 
affected some of the zones in Forsmark: the gently-dipping zones. Are there 
any indications of the depth to which this might have occurred? However, it 
is also stated that there is no indication of earthquakes or any related 
faulting. Are there any indications of distortion of the sedimentary cover? 
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Are the clay minerals formed in situ in the fracture or have they been 
deposited? 

1). Are there any indications of the depth to which this might have occurred? Are 
there any indications of distortion of the sedimentary cover? 

The gently dipping fracture zones are geologically old structures. However, it is 
proposed that the aperture of the fractures in these zones could be a geologically, 
relatively young feature related to unloading and stress release, not least due to rapid 
unloading during the Quaternary period. This phenomenon may have affected 
fractures along gently dipping zones at depths down to at least 900-1000 m. 
Geologically ancient shear deformation can be seen along some of the gently dipping 
zones (e.g. zone A2), but many of the gently dipping zones completely lack evidence 
for shear deformation. The style of deformation is extensional, i.e. the fractures 
behave as joints. For this reason, we are reluctant to confuse this phenomenon with 
late- or post-glacial faulting and associated earthquake activity.  

Investigations of the Quaternary sedimentary cover in a large area in northern 
Uppland has revealed no evidence for distortion of these sediments associated with 
what is inferred to be seismically-induced liquefaction (see section 3.2 in R-05-18). 
Investigations at drill site 5 have revealed disturbance of the contact between the 
crystalline basement and the Quaternary cover, as well as infilling of opened fractures 
with unconsolidated Quaternary sediment. Further investigations down to c. 130 m 
depth beneath this site show that the anomalously wide and sediment-filled fractures 
at the surface rapidly die out at depth (see P-05-199). Fracturing related once again to 
stress-release, along both newly formed and reactivated older fractures, has been 
proposed. The findings at Forsmark raise fundamentally critical questions concerning 
the concept of late- and post-glacial faulting.  

2). Are the clay minerals formed in situ in the fracture or have they been deposited? 

Clay minerals along fractures observed in boreholes form one of the components in 
the family of mineral coatings and fillings along the fractures. It is inferred that they 
have been deposited from percolating fluids at one or more times during geological 
history. These minerals belong to the youngest set of fracture-filling minerals (see 
section 5.2.7 in R-05-18). It should be kept in mind that, although clay minerals are 
most common in the gently dipping fractures, they do also occur along steeply 
dipping fractures. 

43. Localised, intense glacial erosion: Has SKB reviewed information on rates of 
glacial erosion of the rock surface and the extent to which they could be spatially 
variable at different locations under an ice sheet (e.g. at the edges of an ice sheet 
where ice streaming and jokulhaup phenomena may occur) with respect to the 
actual geography of the two sites?  

Yes, SKB has reviewed such information. Both sites will be subject to glacial erosion 
and other processes related to the fact that the sites over time have been covered by 
both the ice margin and more interior parts of ice sheets. However,  details on how the 
average erosions was estimated is provided in the quoted TR-04-25, e.g.: 

TR-04-25 p. 18: “…Glacial erosion is divided into three types by /Lidmar-Begström, 
1997/. Channeled glacial erosion within basins or valleys may amount to 50 m in 
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southern Sweden and up to 200 m at a few sites in the highlands of northern Sweden. 
Glacial erosion of the pre-Quaternary saprolites may amount to 10–50 m. Ice sheet 
erosion in fresh bedrock may amount to some tens of metres but there are areas with 
no glacial erosion at all.” 

Localized glacial erosion mainly takes place in pronounced depressions of the 
landscape, e.g. deep pre-existing valleys. The planned repository site will not be 
placed in such a position but instead in a landscape characterized by very low relief, 
and hence more even and restricted glacial erosion typical for lowland areas of 
Sweden is anticipated. 

 

The Geosphere Process report (p 115-7) gives an average rate of 1 m per glacial 
cycle but does not discuss the potential for variability under the ‘uncertainty’ 
section. Maybe the average rate is not conservative in terms of possible impacts 
on some variables? 

TR-04-25 p.32: “…the average glacial erosion during a full glacial period has been 
estimated to between 0.2 m and 4 m. If the extremes in the made assumptions are 
excluded the glacial erosion during a glacial cycle can be estimated to about 1 m.”  
The total average amount of glacial erosion for lowland areas of Sweden with 
crystalline bedrock, for all Quaternary glacial cycles,  have been estimated to a few 
tenths of metres /TR-04-25/. Both candidate sites are located within such areas, which 
strongly suggest that future glacial erosion during the coming 1 Ma will not be larger 
than a few tenths of metres. Especially when considering that the repository will not 
be placed at a site within a local pronounced valley where glacial erosion may be 
somewhat larger (see also answer above). 

44. Actual impacts on flow: Could SKB present its simplified estimate of glacial 
hydrology in terms of more transparent factors (a) impacts on volumetric 
groundwater fluxes at repository depth and (b) impacts on transit times from 
depth to surface?  Are numbers available? Reducing all description to how the 
F-factor is affected is obscure. 

The simple estimate is done using a scaling based on the ratio of present day gradient 
and extreme gradients at the glacier front. Travel times would scale the same way the 
F-factor does; however, the F-factor was chosen in the presentation since it is a more 
relevant property for radionuclide transport than the travel time. Pessimistically, one 
can also assume that groundwater flow at repository depth increases with the same 
factor. Detailed modelling is needed to assess the adequeacy of these simple 
estimates. 

45. Permafrost analogues: The discussion on natural observations of permafrost is 
sparse (Geosphere Process report p 36). Permafrost being so widespread, it 
would be expected that more could be learned about hydrochemical profiles 
under thick permafrost or about its impact on recharge and discharge zones in 
fractured basement rocks. Does SKB intend to do more on this? 

The hydrochemical information for permafrost areas is naturally rare. Drilling 
requires saline fluids to avoid freezing in boreholes. The groundwater chemistry is in 
this way perturbed. Because of this, SKB and Posiva are looking at mines where 
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boreholes can be drilled underground at temperatures above freezing to obtain 
information on groundwater chemistry below the permafrost. Not many mines are 
operating in permafrost areas, and as a rule, it is hard to obtain permits for our 
investigations. Nevertheless, Posiva and SKB are continuing this type of 
investigations, and from these studies additional information will be available for SR-
Site assessment. 
 
Most areas where permafrost is extensive are quite flat, with minor hydrogeological 
gradients, and recharge/discharge are difficult to ascertain. For SR-Site modelling 
studies of the hydrogeological effects of permafrost will be performed. The 
permafrost conceptualisation in these studies are in part planned to be based on 
observations. 

46. Ice front impacts on deep groundwater salinity: Significant upconing of saline 
waters at the edge of an advancing ice front is predicted by Jaquet & Siegel (R-
06-100). This possibility does not seem to have found its way into the Geosphere 
Process report (p 29), which presumably predates R-06-100, but it is discussed in 
the main SR-Can report.  Here (p 345) it is said to be unimportant, even though 
saline waters may be present in the repository for ‘a few centuries’. Could SKB 
elaborate on and provide some numbers to support this assertion?  

On page 187 of the main report it is stated that salinities equivalent to 70 g NaCl/L are 
safe for the backfill function. This is based on the figures in sections 4.2.8 and 4.2.9. 
The upconing waters, as seen in Figure 9-92, have modelled salinities that are always 
less than 5%. This corresponds to about 52 g/L. The result, therefore, indicates that 
the salinities that may result from upconing are not high enough to affect the 
properties of the buffer and backfill negatively. 

The modelled salinities (Jaquet and Siegel 2006) for the glacial scenarios (Figs 4-
2 and 4-3) show fresh water pushed to >1000 m depth under the warm-based ice 
sheet, and remaining there when the ice sheet retreats.  When the ice sheet 
retreats, is there not a lateral and upwards transient hydraulic gradient from the 
deeper saline water into the fresh glacial water that causes saline water to flow 
into the fresh water lens?  It could be suggested that this is the present regime at 
Laxemar.  The shortest modelled advective flow times for groundwater under 
the high hydraulic gradient due to the ice sheet are said to be ‘unrealistic’.  Why 
is this, and in what way is the model itself unrealistic?  (p 76-77 and p 83, 
Geosphere Process Report) 

The deep brine has been stable for millions of years, so in itself this is evidence that 
this salinity is unlikely to be upconed. The other possibility is remnant marine water 
left over from the inter-glacial period, but considering the hydro-geochemistry at 
Laxemar, this will probably have already been flushed out by meteoric water during 
the temperate period.  

Concerning the claim that results are unrealistic, the model predicts that essentially all 
salt is flushed out of the model when the glacier advances. The fact that all salt is 
flushed out is the reason for deeming the model unrealistic. From this follows that 
also travel times need to be considered with caution. 
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47. Oxygenated waters: From the models of O2 consumption during infiltration of 
sub-glacial water with high dissolved O2 it is concluded that breakthrough of O2 
to repository depth is unlikely.  Can this probability be quantified?  Scoping 
calculations assume that the longest time for which meltwater would infiltrate is 
1300 years.  The evidence for this and the limitation of infiltration to the edge of 
the ice sheet seems to have significant uncertainties.  Is meltwater infiltration for 
a much longer period of time being included as a scenario? (p 84 & 89, 
Geosphere Process Report) 

In summary, the penetration of O2 requires both long periods of infiltration of 
meltwaters and unusually fast hydraulic flows. The period of time for which both 
conditions are met is estimated to be 40 years (page 341 of TR-06-09). An extreme 
case would be 1300 years, taken to be un unlikely possibility. Naturally, infiltration of 
melt waters will take place over much longer periods of time, but with slower 
groundwater velocities. As oxygen consumption is dependent on kinetic parameters, 
the models indicate complete O2 removal under “normal” meltwater infiltration 
velocities. A better understanding and characterisation of fracture zones (the fast 
infiltration pathways) will increase the reliability in the model results. It is expected 
that a deeper understanding will be available for SR-Site. 

Seismicity and Seismic Impacts 

48. Longevity of seismic history: Is there any indication that the seismicity pattern in 
the Fennoscandian Shield (p 238, Main Report) could have changed with time 
since the last glaciation?  

Yes. Both the intensity and the location of earthquakes vary with time. Intensity is at 
its maximum by the end or shortly after the deglaciation, most, if not all, glacio 
isostatic faults are located in Northern Sweden. For a resumé, we refer the reader to 
R-04-17, appendix 3. 

49. Seismic impacts on fracture hydraulics: Within what range and for how long a 
time could an earthquake change the hydraulic character of a fracture/fracture 
zone? 

This particular aspect has only partly been addressed in SR-Can, and we refer to 
answer #42 for aspects of the problem. 

Though there is an abundance of papers on water level changes due to earthquakes, 
both transient and stationary /e.g. Akao, 1995; Hsiung et al, 1991; Ishimaru and 
Shimizu, 1997; King et al, 1995; Rojsraczer et al, 1995; Sun et al, 1998/, it is 
uncertain if their results are applicable to glacially induced faulting. In TR-02-24, (p. 
76) we conclude: “…Of particular interest is the paper by /Muir-Wood and King, 
1993/ where the authors concluded that the hydrological effects of earthquakes are 
determined by the style of the fault displacement, rather than simply the size of the 
earthquake. The conclusions are based on several field evidences coupled with 
modelling of co-seismic strain that gives consistent results with the field data. Events 
that involve a significant normal faulting component expel substantial quantities of 
water, whereas reverse faulting do not. Strikeslip events typically also expel water in 
more restricted regions, but not in the quantities associated with normal faulting 
events. They also conclude that increases in spring and river discharges peak a few 
days after the earthquake and typically excess flow is sustained for a period of 6–12 
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months in case of normal faulting. In contrast, hydrological changes accompanying 
pure reverse fault earthquakes are either undetected or indicate lowering of well levels 
and spring flows. The rise and decay times of the discharge are shown to be critically 
dependent on fracture widths. The paper by /Akao, 1995/ merits further explanations. 
The approximation suggested by Akao is that the maximum value of water-table 
change would be approximately one hundred times the slip displacement as calculated 
from the dislocation theory. Thus 1m of slip will at maximum produce 100 m of water 
level changes (1 MPa) and 10 m of slip water level changes of 10 MPa. A discussion 
with scientists (e.g. Prof. Watanabe, Saitama University, pers. comm.) does not rule 
out the conclusions of Akao…” 

50. Post-glacial faults: It is stated that PGFs are only found in areas of presently low 
seismic activity (p 319, Main Report). What about the seismic activity related to 
the post-glacial faults in northern parts of Scandinavia that are still seismically 
active? Is it possible that PGFs also can have been formed in areas with 
enhanced present frequency of earthquakes and thereby become obliterated by 
the later faulting? 

The Main Report (p.319) actually refers to Sweden, or more precisely the Baltic 
shield, as a seismic region compared to other regions, and not to various areas in 
Sweden: “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.” 

Yes, there are strong indications that glacio-isostatic faults are still seismically active. 
In fact, the present seismicity, detected by the high-resolution network, might be a 
tool to identify yet unidentified faults. More details are provided in the quoted R-04-
17, appendix 3: “Regional seismicity studies show a gross association between areas 
of postglacial faulting and elevated levels of seismicity /Hasegawa and Basham, 
1989/. /Bungum and Lindholm, 1997/ show that seismicity in Fennoscandia defined a 
series of north- and northeast-trending belts that approximately correlate with the 
postglacial fault domains (Figure A3-6)…” 

51. Liquefaction as an indicator of post-glacial faulting: both Forsmark and 
Laxemar were below the water table when the ice sheet disappeared in the area 
(p 320, Main Report). Can liquefaction occur in the bottom sediments where the 
depth of water is c. 190 m (the situation when the ice front was at Forsmark)? 
Within what time interval(s) and locations (relative to open water) could 
liquefaction take place at the two sites?  

A saturated sediment is a prerequisite for liquefaction, so position of some 200 m 
below sea level for Forsmark constitute ideal conditions for the formation of 
liquefaction. 
 
The timing and location of conditions that promotes liquefactions can be obtained 
from the land-rise models, as e.g. schematically illustrated on page 110 of the Main 
Report. Details are found in R-05-03, chapter 3. 

Sorption 

52. Use of generic data: It is stated that the sorption data used are mostly generic (p 
178, Data Report).  How much new data will be acquired for samples from these 
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sites, and how much generic data e.g. data reported in Crawford et al, 2006 will 
be relied upon?  How will site-specific sorption data be incorporated in the 
generic data set?  Generic data are either representative or not, and if the site-
specific data do not agree with the generic range, then how will the disagreement 
be resolved?   

For SR-Can, no site-specific data were available. However, in SR-Site, the suggested 
Kd data will be site-specific. As noted in Crawford et al (2006), the generic data is of 
poor quality, and hence will not be used. Possibly data from Äspö HRL can be used, 
but likely no other non site-specific data.  

Today’s estimate of available site-specific Kd data for SR-Site is 15-20 samples per 
site. For each sample, there will be 2-5 measurments. In addition, there will be 
approximately ten samples per site for Kd measurements on whole rock pieces. Also, 
15 CEC measurements per site and 140-200 BET measurements per site will be 
available. 

53. Sorption modelling: The references used in support of the statement that the Kd 
approach is consistent with mechanistic sorption modelling are rather old and 
limited (p 144-145, Geosphere Process Report).  Is there a more comprehensive 
review of the validity and limitations of this assumption?  Will the forthcoming 
report by Höglund et al meet this need for a more realistic description of 
process-based retention and transport modelling.  

There is no statement in the Process Report or the supporting report (Crawford et al, 
2006) that the Kd approach is consistent with mechanistic modelling. Rather, in the 
supporting report (R-06-75 section 2.1.2 and 4.3.2) it is stated that if the partitioning 
process is a sorption process, approximate Kd-values that are conservative for PA 
purposes can be derived. The NEA references given in the supporting report are 
indeed believed to be state-of-the-art references. The work reported in Höglund et al. 
is a first attempt to describe experimentally obtained values by mechanistic models. It 
should only be seen as a supporting activity. However, if successful, such models 
clearly can be useful to indicate how Kd values will be affected by changing 
conditions. 

Geosphere Processes in the PA 

54. Non-assessed processes: Several geosphere processes have not been addressed in 
SR-Can. Could SKB tell us their intentions for these in SR-Site? The key ones 
appear to be gas movement and methane hydrate behaviour in 
permafrost/glacial conditions, and colloid transport generally.  

In general, any neglect of an identified geosphere process in SR-Site will have to be 
scientifically motivated in the Geosphere process report.  

Regarding gas movement, it is considered in the supporting modelling reports 
(Hartley et al; R-06-98, R-06-99) and was dismissed based on the considerations 
presented there. The same approach will be adopted for SR-Site. 

Regarding, methane hydrate behaviour, see answer to question 57 below. 
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Colloid transport needs to be more thoroughly assessed in SR-Site, particularly 
colloids generated by the buffer. It should, however, be noted that geosphere 
retention, which could be compromised by colloid transport, is of minor importance 
for all failure modes contributing to the calculated risk in the SR-Can assessment. 

55. Gas production rates: The anticipated volume of gas production in the 
repository is not given in the Geosphere Process report (p 50, 72) so it is hard to 
judge whether the assertions are correct (e.g. volumes are small and period of 
production is >250,000 years). Presumably these figures are elsewhere? Also, has 
the gas accumulation/release beneath permafrost situation (p 73) been assessed 
in SR-Can?  

The gas production is discussed in the main report section 10.5.2. The production rate 
is estimated at 0.42 litres (STP) per m2 of corroding iron surface and year. The effect 
of increased hydrostatic pressures on gas is discussed in the same section.  

The fate of gas in the geosphere during permafrost is not treated in SR-Can.     

56. Subcritical crack growth: It is likely that creep deformation of the rock is not an 
issue for long-term safety of the first 1,000 years after closure as stated by SKB 
in section 9.3.13. Probably of more importance is subcritical crack growth, i.e. 
continuous fracturing at stresses below measured crack initiation in rock 
volumes subjected to high stresses and spalling. Will SKB consider subcritical 
crack growth in SR-Site? 

SKB intends to make more statements regarding definitions of stress levels and 
possible modes of failure. A process of continuous crack growth which is not 
accompanied by any creep deformation is not likely to be of much consequence. On 
the other hand if the sub-critical crack growth leads to macrocracking it is not much 
different from the spalling processes, which is handled as described above (cf. 
question 37). 

57. Clathrate: The Geosphere Process report (p 193) leaves the issue of methane 
hydrates open. It is not clear for the reader whether (a) there is likely to be 
enough methane available to form these or (b), if so, whether they are likely to 
pose a safety relevant issue. They are not treated in SR-Can, so presumably SKB 
intends to do more on this topic before SR-Site? 

The present-day amounts of methane at the sites are not enough to form significant 
amounts of hydrates. The issue is to demonstrate that the flow of abiotic methane 
from the mantle during long periods of time is not enough to allow the formation of 
hydrates. It might be impossible to evaluate this flow, but an attempt will be made in 
SR-Site. 
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Appendix 3: OVERSITE’s questions before the hearing 
and SKB’s answers  
A hearing was held with the international review teams and SKB in March 2007. 
Before the hearing the international review teams were given the opportunity to 
provide written questions to SKB. SKB supplied written answers to these questions in 
February 2007. Below the list of questions and answers is appended. 

 
1. SKB has undertaken FEP analysis as a means of determining which FEPs to 

include in assessment models and the interactions between these FEPs. SKB 
has yet to report this type of analysis for the biosphere.  

� What is the basis for the biosphere model developments since SR97 and 
project SAFE that have been included in SR-Can? 

Model development is based on experience from the previous assessments and 
comments from reviewers on previous assessments in combination with engaging 
experienced experts from different disciplines in radio ecology, ecology, 
hydrology and geology. Moreover, the overall scientific development in the 
disciplines has provided important feedback. Most of the models used in SR-Can 
are modifications of models used in previous Safety Assessment (SR97 and 
SAFE). These modifications (see Avila, 2006, SKB-R-06-81) were needed in 
order to account for water fluxes through the different landscape objects. Forest 
ecosystems were not included in previous assessments because a forest model was 
not available.  Hence, a forest model /Avila, 2006, SKB-TR-06-08/ was developed 
for SR-Can and used in the landscape model for Forsmark. It should be noted that 
work for improvement of the ecosystem models is ongoing, which should results 
in further improved models for SR-Site. The improvements will be based on the 
developments done in the description of the elemental cycling in the studied sites, 
which can be used for improving the models not only for C-14, but also for other 
radionuclides. 

� What assurance is there that FEP analyses are not simply back-fitted to 
model capabilities? 

It is unclear what the question means regarding FEP analyses and model 
capabilities. The interaction matrix produced for the SAFE assessment, which is 
still valid and is the basis for all recent developments of SKB’s biosphere site 
programs and radionuclide transport models concerns mainly processes and states. 
The features and events are either produced in the scenario analysis for the entire 
repository or derived from the international FEP lists. In both cases it was checked 
whether they are relevant and taken care of with a reference as to how. This 
checklist is open to criticism regarding relevance and appropriateness. The FEP 
list, interaction matrix and the numerical models are tools for sorting and 
expressing understanding. Both tools have limits in its capabilities and the 
assessments need to overbrigde these limits by estimates of uncertainty, 
pessimistic assumptions and logic reasoning. This means that these tools cannot 
be self standing “truths” and they must inevitably be influenced by the key thing, 
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understanding. Understanding is expressed by logic reasoning in the reports and 
scientific publications which is open for experts to review as peer review, debate, 
and review of the assessment. The different tools can be used to test the logics of 
the reasoning and sometimes quantify the results of the interacting processes. Any 
“simple” back-fitting is seens as senseless and a waste of time; why back-fit to 
another tool of understanding if  it doesn’t give any new understanding? 
Furthermore, bad understanding will hopefully be disguised in the review process 
both by internal independent experts and finally in the international reviews.  

� How confident are SKB that FEPs leading to higher than calculated 
accumulations in the accessible environment have not been overlooked? 

The results obtained indicate that the maximum values of the doses are close and 
in some cases higher than doses calculated from the whole inventory in the system 
(see Figures 4-2 and 4-8 in Avila et al. 2006, SKB-TR- 06-15). 

2. The SR-Can interim report described revised assessment models of the near-
field and far-field, and SR-Can itself has exercised these models.  
Developments in biosphere transport and accumulation models for lakes, 
wetland and agricultural land have not been reported and demonstrated to 
the same extent. 

� What plans do SKB have to publish and demonstrate the new biosphere 
transport and accumulation models before SR-Site? 

The SR-Can assessment is a substantial development of biosphere models by applying 
the assessment of the landscape described in (SKB R-06-82 and SKB R-06-83) and 
section 10.2 in main report. The identification of biosphere objects and their 
interconnections based on the surface hydrology and spatial relationship gives a 
consistent flow network with the turnover-times estimated (SKB R-06-82 and SKB R-
06-83). The basis for the water-flows are reported and evaluated in numerous reports 
referenced in the reports above, ( e.g. Werner et al., 2006 SKB R-05-61, Brydsten, 
2006 SKB  TR-06-39, Bosson 2006 SKB R-06-66, Johansson et al., 2005 SKB-R-05-
06). For the sea an oceanographic model has been implemented to estimate the 
turnover of the different marine basins (SDM). The transport and accumulation of 
sediments is studied in Brydsten, 2006 (SKB  TR-06-40) and the estimates 
summarised in (SKB R-06-82 and SKB R-06-83). Furthermore the transport and 
accumulation in food chains have been explored in the SDMs. Thus the transport and 
accumulation of water and matter has been developed and reported in several reports 
since the SR-Can interim report, and this will continue. 
 
In the LDF approach described in section 10.2.3 to 10.2.10 in the main report  and in 
more detail in /Avila et al 2006, SKB TR-06-15/ the accumulation of radionuclides in 
different objects as well as the mass balance in the landscape is maintained, 
downstream accumulation is addressed, and multiple discharge points are introduced. 
Another large issue is how the accumulated radionuclides at one time stage are 
transferred to another time stage with several different ecosystems involved.  This 
covers important transport and accumulation processes not implemented in previous 
work. 
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All models are currently under review for further development taking into account 
more site specific information. The results of these developments will be continuously 
reported as has been done previously.  

 
3. SKB discusses safety functions and notes that dilution is not regarded as a 

safety function. Dilution is, however, a key aspect of assessment calculations 
and there must effectively be criteria for determining whether dilution of 
near-field releases is sufficient to reduce doses/risk below regulatory 
requirements. Dilution will differ between sites and these criteria may 
become important in the design / site selection process.  

� Why has SKB chosen not to treat dilution in the same way as other safety 
functions? 

As stated in the main report:, section 7.1.1 ‘The main reasons for this are that 
dilution essentially can not be controlled by the design of the repository and only 
to some extent by site selection.’ The purpose of the repository is to contain the 
waste (by isolation and effective retention) for such a long time that its 
radiotoxicity has decayed to a small level. Taking credit for effective dilution 
would be part of a “disperse” strategy of waste handling.  

� How will SKB consider dilution in site selection and optimisation of the 
engineered barrier system? 

The site specific overall calculated dose/risk will be a factor considered in site 
selection and optimisation. As discussed in section 7.1.1 ‘dilution will play an 
essential role in a realistic estimate of the consequences of a potential release from 
the repository’. This is thus the way in which dilution will influence site selection 
and optimisation. Furthermore, considering the uncertainties in future evolution 
and overall similarities in surface environment between the sites – it is not likely 
that potential differences in dilution will play any part in the siting decision. 

4. Sensitivity studies are a key part of safety assessments because they provide 
information on the potential robustness of assessment results to data and 
assumptions. SKB reports two types of sensitivity studies in SR-Can. In the 
first set, SKB progressively removes the effects of barriers. In the second, 
SKB calculated standardised rank correlation coefficients (SRCC) to 
determine the parameters that have most influence on calculated doses / 
risks. 

A surprising result of the first set is that calculated doses / risks remain close 
to background radiation levels even if all barriers are discounted. This 
appears to be the result of a very low waste dissolution rate, which means 
that the effects of removing other barriers are not easily interpreted. 

� Is the use of such a low rate reasonable, in terms of a) the overall 
assessment and b) sensitivity studies?  

Not all barriers are removed in the case where the dose remains close to 
background radiation. The rock retention is taken into account (thick red line in 
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Figure 10-53). If also rock retention is discounted the dose is about two orders of 
magnitude above background (thin red line in the same Figure). 

Furthermore, there are more than the two types of sensitivity analyses mentioned 
in the introduction to the question, see e.g. Table 1 in the answer to question 10 
below,  

The fuel dissolution rate used in SR-Can is, as is all other essential input data, 
justified in the Data report. It is not clear what the difference is between a) and b) 
in the question. Sensitivity studies of the fuel dissolution rate are presented for the 
advection/corrosion case in section 10.6.5. Furthermore, the relative importance of 
the barriers is relatively insensitive to the fuel dissolution rate. (See also response 
to EBS question 11c) 

 

� Are the contributions of all barriers to overall safety being adequately 
assessed? 

Does the question refer to the analyses in section 10.10 (the successive removal of 
barriers)? These do not consider e.g. the impact of concentration limits, nor 
extreme assumptions regarding fuel alteration rates (see further section 10.10).  

For the second set of sensitivity studies, SKB makes reference to results 
published in the Interim SR-Can report. There have been significant changes 
to SKB’s assessment model since the Interim Report and it is surprising that 
earlier results are being reported in SR-Can.  

� Have sensitivity studies (SRCC) been undertaken for the current results / 
data? Are the conclusions different?  

The earlier results are not being reported in SR-Can. Rather, it is stated that the 
methods applied in the earlier SR-Can Interim report are relevant also for the 
results presented in the final SR-Can report, see section 10.5.10, sub-heading 
“Sensitivity analyses”. SRRC analyses have now been done for some of the 
results, see the Figure 1 below.  

The upper part of the figure shows the most significant uncertain variables 
contributing to output uncertainty of the maximum dose at Forsmark. Sine I-129 
causes the maximum dose in most realisations, the variables related to I-129 show 
up in this result. 

The lower part of the figure shows the corresponding entities for the Ra-226 dose 
at one million years. Here, the rock properties related to transport of Ra-226 have 
the highest influence on output uncertainty.    

Further SRRC-results are given in the answer to question 65 from the SA 
Methodology group.  
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Figure 1. SRRC results for Forsmark. 

 

� How are changes in models / data since the Interim Report justified in 
terms of addressing system sensitivities? 

Changes in models and data are justified based on additional knowledge, findings 
in site investigations, model developments, etc. There are discussions on 
sensitivities of assessment results to input data in the Data report. Models are 
justified in the Model summary report.  

5. SKB has used a combination of geological information and modelling to 
develop a description of climate change and how it will affect the region 
around the proposed sites. There appear to be some inconsistencies between 
these approaches and it is not clear how SKB has developed the description 
of sea-level change in particular. For example, changes in salinity of the 
Baltic are a key feature of the past, and are used, inter alia, to help in 
understanding the hydrogeochemistry of the sites. These changes are caused, 
in part, by the Drogden Sill which isolates the Baltic from the North Sea 
when global sea-level is below a certain height.  

� Can SKB explain why large-scale topographical controls on sea-level and 
salinity in the Baltic are not included in the description of the future 
environment?  

Large scale topographic control on sea-level and salinity is included in description 
of the future environment. 
 
We state that the description of the sea level changes and salinity for the first part 
(7,000-9,000 years) of the 120,000 year scenarios are based on current observed 
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trends, and that the remaining period is based on Global Isostatic Adjustment 
(GIA) modelling of changes in relative shore level (e.g. TR-06-9, .p228 and 304-
305, with details described in the supporting reports on e.g. Climate and 
Biosphere development). In the GIA modelling, large-scale topographical controls 
for Fennoscandia is included. However, we also state that the uncertainties in the 
GIA modelling results are rather large (due to uncertainties in melt rates of the 
Greenland ice sheet, thermal expansion of oceans, a possible (and less likely) 
collapse of the West Antarctic ice sheet and resolution of the DEM used in the 
modelling). This adds uncertainty to the presented long-term scenarios of the 
evolution of the Baltic /TR-06-23 p.131/. In this context the effect of the sills in 
the southern Baltic are also discussed. Furthermore, we state that in addition to 
that changes in influx of Atlantic sea water will affect the development of the 
Baltic Sea salinity, also changes in surface runoff from the Baltic Sea drainage 
area are of high relevance for future Baltic salinity levels /TR-06-09 p. 378/. 
 

� What are the effects of repeated changes in salinity (brought about by a 
repeat of the Holocene salinity changes) on the hydrogeochemistry of the 
near-field and far-field?  Are there implications for radionuclide release 
and transport? 

SKB is not aware of any adverse effects from repeated changes in salinity. 
Extreme salinity levels are detrimental, not the changes. No situation has been 
identified with salinities high enough to affect the performance of the repository 
negatively. On the other hand, glacial meltwaters have such low salinities that 
they increase the release of bentonite in colloidal form from the deposition holes. 
The consequence for the most affected deposition holes is that advection takes 
place in the buffer. 

6. Although SKB has developed an overall description of climate change, and 
has characterised three different climate states, there appears to be neither a 
system-level description of the corresponding environmental states, nor a 
consideration of the transitions between states.  The behaviour (e.g., 
accumulation or release) of radionuclides during transitions may be 
important and must be considered if a mass balance is to be maintained. 

� Is SKB proposing to extend its system descriptions (SDMs) to include 
different environmental states?  If so, when?  If not, why not? 

It is unclear what is meant by environmental states, is it the different climate 
stages or the continuous succession of ecosystem from a coastal site to a terrestrial 
stage or the transition of ecosystems in single objects? 

However, the SDMs will not include a description of future characteristics of the 
site. The objective of the Site Descriptive Models (SDMs in the nomenclature of 
SKB) is to provide descriptions of the current state of the geosphere and the 
biosphere including ongoing natural processes that affect their long-term 
development. Based on this, predictions of the future evolution are made as a part 
of the safety assessment.  
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The future conditions of the biosphere is addressed from the inference of the past, 
the knowledge of ongoing processes and knowledge about the topography (DEM) 
of the area as described in /SKB R-06-82 and SKB R-06-83/. 

� Can SKB describe its assumptions about transitions between 
environmental states and how these transitions are accounted for in 
radionuclide transport models? 

Transitions between ecosystems are already addressed in the landscape model (10.2.2 
and 10.2.3 in main report and in chapter 4, and for each ecosystem in chapter 5, for 
the entire landscape in chapter 6 in the reports R-06-82 and R-06-83). In SR-Can the 
transitions were modelled as discrete events (see below). In the model of the 
radionuclide transport and accumulation in the landscape the transition between 
environmental states is modelled as discrete events, by substituting one ecosystem 
model by another (see section 2.3.3 of the report /Avila et al. 2006, SKB-TR-06-15/).  

� How does SKB maintain mass balance throughout an evolving 
environmental system? 

The transformations of ecosystems in the evolving landscape were treated as discrete 
events. When a transition between ecosystems occurred the radionuclides present in 
the compartments of the “mother” ecosystem were quantitatively transferred to 
compartments of the “daughter” ecosystem following pre-defined rules (table 2-3 in 
TR-06-15). These rules were set so as to not underestimate the potential doses. 
Preservation of mass balance during the simulation period was controlled with help of 
a block included in each Simulink (Pandora) model. This block continuously monitors 
the amount of radionuclides entering, existing in and leaving the system.   
7. SKB has developed a new approach to calculations of dose, and now use 

Landscape Dose Factors (LDFs) to relate radionuclide fluxes from the 
geosphere to doses to members of an exposed group. The use of LDFs may 
simplify assessment calculations, by transferring modelling of the biosphere 
to supporting studies, but this also means that key assumptions, and 
particularly conservatisms, are not part of the central assessment calculation.  

� Can SKB explain the reasons for taking the LDF approach to biosphere 
modelling, in particular explaining how assumptions and data 
uncertainties in supporting calculations are considered within the analysis 
of overall assessment results? 

The LDF approach to biosphere modelling adopted in SR-Can is a further 
development of the EDF approach used in previous assessments. The objective 
has been to resolve limitations in the EDF approach that have been identified in 
reviews of previous assessments. These limitations are discussed in the 
introduction to the report /Avila et al. 2006, SKB-TR-06-15/. 

A preliminary sensitivity and uncertainty analysis of the approach is presented in 
section 6 of the report /Avila et al. 2006, SKB-TR-06-15/ and it its overall 
implications discussed 10.2.10 in the main report.  Sensitivity analyses for 
radionuclide transport for each individual ecosystem are presented in R-06-81. 
The uncertainties for site understanding and parameters are discussed section 5.8 
in R-06-82 and R-06-83. 
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8. There are two major data-handling steps in deriving LDFs from site 
characterisation data. The first step involves development of a site descriptive 
model (SDM) based on site characterisation data, and the second step 
involves an abstraction from the SDM to characterise a model of the 
biosphere. Neither of these steps is fully explained and justified in the 
literature currently available, and the assessment-level database does not 
appear to have been updated from the latest information available in the 
SDMs. 

� Can SKB provide information on the statistical representativeness of site 
characterisation data (spatial and temporal) that would provide 
assurance that the SDMs are fit for purpose?  

Information on statistical representativeness is provided in the SDM-reports.  
Moreover, they are listed for the different parameters used in the radionuclide 
modelling in appendix 1 of R-06-82 and R-06-83 respectively. Generally, the 
SDM process is to serve the safety assessment to come, SR-Site. SR-Can has used 
an interim version (version 1.2 of the SDM), which is not the final site 
description. The purpose of SR-Can was to demonstrate an assessment 
methodology with, at that time, available site data. To judge the statistical 
representativeness, see Lindborg 2005 (SKB R-05-03); Lindborg 2006 (SKB R-
06-11) and references therein. Moreover, the SDMs provide data also for future 
assessments. However, we can never provide assurance that the SDMs are 
sufficient for the future assessments. It is an iterative process where important 
missing information needs to be sought from new investigations and research 
projects as outlined in the RD&D-programme as well as in the detailed site 
investigation program. 

� Does SKB have plans to update the assessment level databases (e.g., to 
take account of the information about the hydrogeochemistry of the 
surface systems)?  If so, when?  If not, what is the purpose of the site 
characteisation data? 

Yes, the data bases are continuously updated with site data and recalculations, and 
this work will continue even though the site investigations are completed. 
Hydrogeochemistry is one topic that SKB is working with right now, which, 
among other things, will under-pin element transport calculations. Other purposes 
of site data (e.g EIA, baseline etc, construction) are not explained in safety 
assessment but in relevant reports covering these issues. 
 
� Can SKB explain how, in the apparent absence of a formal FEP analysis, 

the models underpinning the LDFs have been developed, and describe 
any calibration and validation steps?  

Regarding FEPs, see question 1 with the addition that the  existing interaction 
matrix has been used in the development of the site investigation programme and 
development of models.   

The models used are ideally capturing the essence of process understanding and 
are mechanistic. Thus they cannot be calibrated themselves as empirical models. 
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The “calibration” is the use of site-specific parameter values obtained from the 
site or the transfer factors used, however they are derived mainly from 
international studies (see Avila and Bergström 2006, SKB- R-06-68.  Moreover, a 
strict model validation is impossible since the models reflect future releases of 
radionuclides. The sort of validation that can be and has been done is to compare 
with other models (e.g. previous assessments, NIREX model and POSIVA). Some 
are independent of site data or model assumptions. Another “validation” is the 
comparison of measured flows and storages of matter (e.g organic C and water) as 
presented in the SDMs.  Finally, the expected behaviour of the model is a sort of 
validation, e.g an increasing load should not give a decreasing concentration, this 
is of course explored during the model development as well as ordinary 
verification of the code by alternative modelling tools, analytic solutions etc. 

� Can SKB provide a comprehensive list of assumptions made in the 
development and parameterisation of the LDF models, noting which are 
deemed to be “realistic” or “conservative”? How have decisions on where 
to include conservatisms been made?  

Basically, the purpose of the reports R06-82 and R-06-83 are the 
“comprehensive” list for data from the sites, where the assumptions behind all site 
specific parameters are described. The radionuclide specific parameters are 
discussed in TR-06-15 and in R-06-81. 

� How were the model timescales used in the LDF models selected? 

All models use yearly time steps, meaning that yearly averages are used for time 
varying parameters, such as the run-off. The transformation of the landscape is 
outlined at 1000 year intervals, based on available resolution of the maps used in 
the model development. 

� Can SKB explain the reasoning behind the assumption of simultaneous 
releases at different locations and describe how the use of LDFs accounts 
for spatial and temporal “hot-spots”?  

The reasoning behind the assumption of simultaneous releases at different 
locations is explained in section 3 of the report /Avila et al. 2006, SKB-TR-06-
15/. The release fractions to different landscape objects were obtained from 
hydrological modelling /SKB-R-06-82 and SKB-R-06-83/. A study of the effect 
of the assumptions about the release fractions to different objects is presented for 
Forsmark /Avila et al. 2006, SKB-TR-06-15/. The release fractions can be seen as 
the probabilities of the releases being directed to different objects. By distributing 
the releases according to these probabilities the expected doses for a given total 
release rate are obtained. Even if the release points were associated with specific 
canisters and a calculation was done for each release point and canister (i.e. 
assuming that only one or a few canisters will fail), in order to obtain the 
expectation value of the doses, the results of these calculations would have to be 
multiplied by the probability of the different release points, as any canister could 
be the one that fails. 

In section 5 of the report /Avila et al. 2006, SKB-TR-06-15/ the method used for 
derivation of the LDFs is described in detail. As explained there, the maximum 
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values over all time periods considered were selected. The procedure used for 
calculation of the LDF for a given time period guarantees that “spatial hot spots” 
are considered, as the LDF are based on the highest exposure values across the 
whole landscape.  

9. A new element of biosphere modelling introduced in SR-Can is the use of 
carbon budgets. These are used both in assessing ecological and hydrological 
turnover and to account for uncertainties regarding the diet of potentially 
exposed groups (by assuming a consumption rate of 110 kgC / year 
regardless of diet).  Landscape productivity (in kg C/m2/year) is used in 
combination with this rate to determine the number of people who could 
utilise the resources available.  

� Can SKB provide an intercomparison between this approach and diet / 
lifestyle-related assumptions (e.g., from SR97 or another assessment), so 
as to confirm that an adequate range of diets and lifestyles are accounted 
for in the carbon usage model? This intercomparison should include 
water and food consumption by both humans and animals, and other 
potential pathways such as smoke inhalation (from burning contaminated 
peat / trees). 

The principal idea with the concept proposed in the SR-Can is to avoid any 
assumptions of food habits, except that human need food in a certain amount to 
survive, which is comparable a caloric intake found in 110 kgC/y as is described 
in section 10.2.3 of the main report and further detailed in SKB R-06-82 and -83 
chapters 7.  This is the value used by ICRP in the internal dose models for a 
reference man (c.f. Avila and Bergström, SKB R-06-68). 
 
Then it should be noted that the doses from ingestion of water, inhalation and 
from external exposure were calculated in SR-Can using the same methods as in 
SR 97 and SAFE. There is only difference in the calculation of the doses via 
ingestion of food. In SR-Can /Avila and Bergström, 2006, SKB-R-06-68/, as in 
previous assessments, the internal doses via food ingestion were estimated by 
multiplying the radionuclide intake rates (in Bq/y) by a dose coefficient 
(expressed in units of Sv/Bq). The radionuclide intake rates in SR-Can are 
calculated differently as compare to previous assessments, but the difference is 
not fundamental. Basically, as in previous assessments, the intake rates are 
calculated by multiplying the food intake rates by the radionuclide concentrations 
in food, although expressed in different units. But, whereas in previous 
assessments a diet composition is assumed, in SR-Can we consider that all 
reasonable types of food production in the contaminated ecosystems are equally 
possible. If there is only a small difference in the activity concentrations in 
different food products, then these two approaches for calculation of the intake 
rates will give similar results, as long as the same total ingestion rates of food are 
used. In SR-Can a total food ingestion of 110 kgC/y was used, which is higher 
than the total ingestion rates of food implicitly used in previous assessments. In 
SR-Can, as in previous assessments, the concentrations in different food products 
are calculated by multiplying the activity concentrations in the main 
environmental media (soil and water) by transfer factors. The variability of the 
transfer factors within a food type groups is very high (several orders of 
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magnitude) and much higher than the variability between food types. Hence, the 
diet selection should have a marginal effect on the uncertainties of the dose 
assessments.  
 
The following basic equation was used in previous assessments for calculation of 
the food ingestion doses: 
 
 

�	
k

kiCkIRiDCCiDose ),(*)(*)()(     (1) 

 
where, 
 
Dose(i) is the dose from ingestion of food for the i-th radionuclide [Sv/y], 
DCC (i) is the dose per unit intake of the i-th radionuclide [Sv/Bq], 
C(i,k) is the activity concentration of the i-th radionuclide in the k-th food type 
[Bq/kg FW], 
IR(k) is the ingestion rate of the k-th food product [kg FW/y]. 
 
The sum in the above equations is the intake rate of the radionuclide. By 
expressing the intake rate of different food types as the product of the total 
ingestion of food and the fraction of the different foods in the diet, the following 
equation is obtained: 
 

�	
k
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where, 
 
IR(total) is the total ingestion rate of food [kg FW/y] 
f(k) is the fraction of different food types in the diet [unitless]  
 
The equation used in SR-Can for calculations of the food ingestion doses is 
exactly the same as equation (2), but the intake rates and the concentrations are 
expressed in units of kgC/y and Bq/kgC respectively. Hence, the SR-Can 
equations can be obtained from the equations used in previous assessments by 
substitution of variables and are therefore equivalent. As mentioned above, the 
main difference is in f(k) used. From examination of equation (2) it is clear that if 
the concentrations in the different foods are the same, then the doses will be the 
same independently of the values given to the f(k).  
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The method used in SR-Can for estimation of the food ingestion doses is outlined 
in /Avila, 2006, SKB-R-06-81/. A more detailed description of the method and a 
comparison with other approaches will be carried out in the frame of the SR-Site 
assessments.  
 
The method used in SR-Can, while being equivalent to that used in previous 
assessments, has the advantage that it does not require making assumptions on the 
diet composition and which specific foods will be obtained from the contaminated 
ecosystems, which are unknown for future times. Moreover, this method allows 
estimating the number of potentially maximally exposed individuals via food 
ingestion.  
 

10. SSI regulations require SKB to demonstrate that the risk of harmful effects 
to a representative individual in the exposed group at greatest risk is less 
than 10-6 per year. There are two probabilistic components associated with 
calculations of radiological risk: the probability that a given dose leads to 
harmful effects (the dose-risk conversion factor) and the probability that a 
given dose is received. SKB has accounted appropriately for the first of these 
probabilities, but appears not to have invoked a consistent or structured 
approach to the second. Rather, SKB has used a mixture of conservatisms 
and conditional probabilities in the construction of its risk against time 
curves.  

� Can SKB provide a structured list of the uncertainties accounted for in its 
assessment calculations, the type of uncertainty (e.g., data, model, 
scenario), how the uncertainty is treated (conservatism, probabilistic, 
alternative calculations etc.), the basis for decisions on treatment and the 
contribution to the overall level of uncertainty (risk)?  

Table 1 below is a first attempt at developing such a list. 

Table 1. Handling of uncertainties in assessment calculations. 

Uncertainty/ 
sensitivity 

Type Treatment Basis for 
decision 

Contribution to 
overall level of 
uncertainty (risk) 

Occurrence of 
thermally induced 
spalling 

Conceptual 
and 
uncertainty 
in site data 

Alternative assumption 
in calculation of pinhole 
probabilistic case, see 
section 10.5.7. 

Affects rate of buffer 
loss in buffer erosion 
scenario. However, no 
impact on subsequent 
canister failure rate. 

Available 
knowledge. 
Result of 
TM-
simulation 

Small, since no 
failure modes 
contributing to risk 
are affected by 
spalling 
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Hydrogeological 
interpretation of the 
Forsmark site 

Conceptual 
and 
uncertainty 
in site data 

Alternative assumption 
in calculations of 
pinhole probabilistic 
case, section 10.5.7, 
advection/corrosion case, 
section 10.6.8 and 
scenario treating failure 
due to corrosion, section 
12.7.2. 

Available 
models from 
site 
modelling. 

Considerable, see 
results in the cited 
sections. The 
interpretation 
yielding the highest 
consequences is 
pessimistically 
chosen for the risk 
summation.  

Effect of extensive 
EDZ 

Sensitivity 
study to 
explore 
importance 
and guide 
development 
of and 
decisions on 
excavation 
technique. 
(EDZ can be 
limited by 
cautious 
excavation, 
assumed as 
reference 
case in SR-
Can.) 

Alternative assumption 
in calculation of pinhole 
probabilistic case, see 
section 10.5.7. 

Need to 
understand 
impact in 
order to 
guide 
decisions on 
further 
development. 

No contribution to 
calculated risk, since 
this is a hypothetical 
“what-if” case. EDZ 
can be controlled by 
design. 

Furthermore, Figure 
10-27 demonstrates 
only minor impact of 
extensive EDZ. 

Effect of high 
hydraulic 
conductivity in 
deposition tunnel 

Sensitivity 
study to 
explore 
importance 
and guide 
design 
development 
(Tunnel 
conductivity 
can be kept 
low by 
appropriate 
design) 

Alternative assumption 
in calculation of pinhole 
probabilistic case, see 
section 10.5.7. 

Need to 
understand 
impact in 
order to 
guide 
decisions on 
further 
development. 

No contribution to 
calculated risk, since 
this is a hypothetical 
“what-if” case. 
Tunnel conductivity 
can be controlled by 
design. 

Furthermore, Figure 
10-28 demonstrates 
only minor impact of 
high tunnel 
conductivity. 

Sensitivity to 
deposition hole 
acceptance/rejection 
criteria 

Sensitivity 
study to 
explore 
importance 
and guide 
design 
development 

Alternative assumptions 
in calculation of pinhole 
probabilistic case, see 
section 10.5.7 and 
advection/corrosion 
probabilistic case, 
section 10.6.8. 

Need to 
understand 
impact in 
order to 
guide 
decisions on 
further 

Potential to lower 
risk if more efficient 
criteria than assumed 
in SR-Can can be 
implemented.  
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development. 

Effect of co-
precipitation of 
radium  

Conceptual Alternative assumption 
in calculation of pinhole 
probabilistic case, see 
section 10.5.7 

Need to 
understand 
impact in 
order to 
guide 
decisions on 
further 
studies. 

Potential to lower 
risk if knowledge 
base can be improved 

Occurrence of 
buffer erosion 

Conceptual Three alternative 
assumptions in 
probabilistic evaluation 
of corrosion scenario, 
see section 12.7.2: 
1. No erosion 
2. Erosion according to 
diffusion model 
3. Initial deficit of buffer 
mass 

 

Existing 
knowledge, 
evaluated by 
the SR-Can 
team. 

Large, see e.g. 
Figures 12-12 and 
12-13 in section 
12.7.2. 

Pessimistic 
assumption in final 
risk summation. 

Uncertainties in 
likelihood of 
canister failures due 
to earthquakes 

Conceptual 1. Expert judgement of 
earthquake probability, 
see section 9.4.5, 
subheading ‘occurrence’.
2. Cautious evaluation of 
likelihood of damage 
following postulated 
shear movement, section 
9.4.5, subheading 
‘Canister failures due to 
postulated shear 
movements’ 
3. Evaluation of possible 
shear movements at 
deposition holes 
following earthquakes; 
probabilistic calculation 
with some pessimistic 
assumptions, section 
9.4.5, Table 9-19.    

See section 
9.4.5 and the 
Data report. 

Could possibly 
reduce calculated risk 
if assumptions in 
estimation of 
likelihood can be 
made less pessimistic 
based on forthcoming 
studies.  

Uncertainties in 
retention properties 
of earthquake case. 

Conceptual Pessimistic assumptions, 
see bullet list on page 
445, section 10.7. 

Assessment 
made by the 
SR-Can 
team. 

Could possibly 
reduce calculated risk 
from earthquakes, but 
difficult to justify less 
pessimistic 
assumptions. 
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Uncertainty in IRF, 
fuel alteration rate, 
buffer and host rock 
transport properties, 
etc. (see further e.g. 
Table 10-3, page 
406).  

Data Distributions as input to 
probabilistic 
calculation of pinhole 
cases in section 10.5, of 
advection/corrosion 
cases in section 10.6, of 
shear movement case in 
section10.7 and isostatic 
load case in section 
10.8.  

Documented 
in the Data 
report. 

Affects calculated 
risks according to 
sensitivity analyses, 
see e.g. response to 
question 4 above. 
Note though that only 
uncertainties in fuel 
alteration rate and 
rock hydraulic 
properties are 
important for the 
final contributors to 
risk.   

 

� Can SKB provide a justification for comparing conditional risks with the 
regulatory criterion and explain how such risks should be interpreted? 

The risks calculated in SR-Can are pessimistic in the sense that the probability of e.g. 
buffer erosion is set to one since there is no way of justifying a lower probability. 
Similarly, of the three hydrogeological interpretations of the Forsmark site, the one 
yielding the highest consequences was used for compliance demonstration since there 
is no basis for assigning probabilities to the three models. This is thus a pessimistic 
way of assessing risk, and not an approach building on conditional risks (although 
conditional risks would be numerically the same in these two examples). The 
approach should, to SKB’s understanding, be compatible with the Swedish 
regulations. See further the discussion in section 2.9.2 of the main report, sub-heading 
“Overestimation of risk”. 
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