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TERMS AND ABBREVIATIONS 

ANDRA  Agence nationale pour la gestion des déchets radioactifs (the French 
National Radioactive Waste Management Agency). 

AMOC  North Atlantic Meridional Overturning Circulation. 

AP  After Present. 

BIOCLIM  Modelling Sequential Biosphere Systems under Climate Change  for 
Radioactive Waste Disposal (EC project). 

BIOMOVS  Biospheric Model Validation Study. 

BIOPROTA  Project which was  set up  to address  the  key uncertainties  in  long 
term  assessments  of  contaminant  releases  into  the  environment 
arising from radioactive waste disposal (www.bioprota.com). 

BS  Base Scenario. 

BSA‐2012  Biosphere Assessment 2012. 

CLIMBER  CLIMate‐BiosphERe model  

DCF  Dose Conversion Factor. 

DDS  Description of the Disposal System. 

DiP  (Government) Decision‐in‐Principle. 

Disposal system  Repository system + surface environment. 

EBS  Engineered Barrier System, which  includes canister, buffer, backfill 
and closure. 

EBW  Electron Beam Welding. 

EMIC  Earth system Model of Intermediate Complexity. 

EMRAS  Environmental Modelling for RAdiation Safety. 

EPRI  Electric Power Research Institute. 

FEPs  Features, Events and Processes. 

FIS  Fennoscandian Ice Sheet. 

GAM  Generalised  Additive  Model  used  to  downscale  near‐surface  air 
temperature  and  precipitation  from  the  CLIMBER‐2‐SICOPOLIS 
results. 

GD  Government Decree. 

IAEA  International Atomic Energy Agency. 

ICRP  International Commission on Radiological Protection. 

INTESC  International  Experiences  in  Safety  Cases  for  Geological 
Repositories. 

IPCC  Intergovernmental Panel on Climate Change. 

IRF  Instant Release Fraction. 

KBS‐3H  (Kärnbränslesäkerhet 3‐Horisontell). Design alternative of the KBS‐3 
method  in which several spent nuclear fuel canisters are emplaced 
horizontally in each deposition drift. 

KBS‐3V  (Kärnbränslesäkerhet  3‐Vertikal).  The  reference  design  alternative 
of the KBS‐3 method,  in which the spent nuclear fuel canisters are 
emplaced in individual vertical deposition holes. 
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KTM  Finnish Ministry of Trade and Industry. 

LGC  Last Glacial Cycle. 

LGM  Last Glacial Maximum. 

LLN‐2D  A two‐dimensional climate model developed in Louvain‐la‐Neuve. 

LSM  LandScape Modelling. 

MeSA  Methods for Safety Assessment. 

MIS  Marine Isotope Stages. 

MobiDiC  An improved version of LLN‐2D (see LLN‐2D). 

MPI/UW  Earth system model of Max Planck Institute used for the estimation 
of the climate evolution on a time scale of 10,000 years. 

MPM  McGill Paleoclimate Model. 

NDA  Nuclear Decommissioning Authority. 

NDT  Non‐Destructive Testing. 

NEA  Nuclear Energy Agency. 

NWMO  Nuclear Waste Management Organization (in Canada). 

OL3  Olkiluoto 3 reactor. 

OL4  Fourth reactor to be constructed at Olkiluoto. Expected to be similar 
to OL3 in TURVA‐2012 safety case. 

ONKALO  Underground research facility constructed at Olkiluoto. 

PA  Performance Assessment. 

PAAG  Performance Assessment Advisory Group. 

PAGIS  Performance  Assessment  of  Geological  Isolation  Systems  for 
Radioactive Waste. 

PAMINA  Performance Assessment Methodologies in Application to Guide the 
Development of the Safety Case. European Union, Sixth Framework 
Project. Reports can be downloaded from: www.ip‐pamina.eu. 

POTTI  Database at Posiva. 

ppmv  Parts per million by volume. 

PSA  Probabilistic Sensitivity Analysis. 

QA  Quality Assurance. 

QC  Quality Coordinator; Quality Control. 

RC  Reference Case (RC) in the Base Scenario (BS). 

REF  Reference Case model. 

Repository system  Spent  nuclear  fuel,  canister,  buffer,  backfill  (deposition  tunnel 
backfill + deposition tunnel end plug), closure components and host 
rock. Excludes the surface environment. 

RIA  Radiological Impact Assessment. 

RNT  RadioNuclide release and Transport. 

RSC  Rock  Suitability  Classification.  The  aim  of  the  RSC  is  to  define 
suitable  rock  volumes  for  the  repository,  deposition  tunnels  and 
deposition holes. 

RTD  Research, Technical development and Design. 
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SAFCA  Safety Case project. 

SC  Safety Classification. 

SEMI  Surface Energy Mass‐balance Interface 

SHYD 

 

SICOPOLIS 

Surface and Near Surface Hydrogeological Model, used in biosphere 
modelling. 

SImulation COde for POLythermal Ice Sheets 

SIS  Scandinavian Ice Sheet. 

SKB  Swedish Nuclear Fuel and Waste Management Company. 

SKI  Swedish Nuclear Power Inspectorate 

SSI  Swedish Radiation Protection Institute, now SSM Swedish Radiation 
Safety Authority. 

STUK  Finnish Radiation and Nuclear Safety Authority. 

TEM  Finnish  Ministry  of  Employment  and  the  Economy,  previously 
Ministry of Trade and Industry (KTM). 

TESM  Terrain and EcoSystems development Modelling. 

TSPA  Total System Performance Assessment approach. 

TURVA‐2012  Posiva’s safety case supporting the construction  licence application 
submitted  in  2012  for  the  Olkiluoto  spent  nuclear  fuel  disposal 
facility. TURVA means safety. 

UVic  Earth  system  model  of  the  University  of  Victoria  used  for  the 
estimation of the climate evolution on a time scale of 10,000 years. 

VAHA  Requirements management system at Posiva. 

VVER‐440  Pressurised water reactor type at Loviisa. 

YJH  Finnish abbreviation for Nuclear Waste Management. 

YVL  STUK’s (see STUK) regulatory guide series for nuclear facilities. 
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FOREWORD 

This report has been written by Nuria Marcos (Saanio& Riekkola Oy) and Thomas 
Hjerpe (Facilia, earlier SROY).  

The progress of the report was supervised by the SAFCA project group consisting of 
Ari Ikonen and Marja Vuorio (Posiva Oy), Pirjo Hellä, Thomas Hjerpe, Heini Laine, 
Nuria Marcos, Barbara Pastina and Margit Snellman (all Saanio & Riekkola Oy), and 
Paul Smith (SAM Switzerland GmbH). 
  
The report was reviewed at different stages by Juhani Vira (Posiva Oy), the SAFCA 
project group, and the participants of the scenario workshops listed below. 
  
The final report review was carried out by the following individuals: Mike Thorne 
(Mike Thorne and Associates Limited, UK), Lawrence Johnson (Nagra, Switzerland), 
Patrik Sellin (SKB, Sweden), and Paul Degnan (Catalyst Geoscience - Geological & 
hydrogeological consultancy service, AUS). Their comments on the report are 
appreciated. 
 
The scenarios in this report are the result of the discussions on the use of the potential 
Features, Events, and Processes (FEPs) that could ultimately lead to radionuclide 
releases from the repository system and to have a role in the fate of radionuclides 
leading to radiological impact in the surface environment. The discussions were held in 
several meetings and workshops in the period between the beginning of 2009 and the 
end of 2011. The participants are listed in the following table: 
 
Participants in workshop(s) for Repository 
System Scenarios 

Participants in workshops for Surface 
Environment Scenarios 

Cormenzana, José Luis (Consultant)  Aro, Lasse (Finnish Forest Research Institute) 

Hautojärvi, Aimo (Posiva Oy) Broed, Robert (Facilia) 

Hagros, Annika (Saanio & Riekkola, SROY)  Haapanen, Reija (Haapanen Forest 
Consulting) 

Hellä, Pirjo (SROY) Helin, Jani (Posiva Oy) 

Hjerpe, Thomas (Facilia, earlier SROY) Hjerpe, Thomas (Facilia, earlier SROY) 

Ikonen, Ari (Posiva Oy) Ikonen, Ari (Posiva) 

Koskinen, Lasse (Posiva Oy) Karvonen, Tuomo (WaterHope) 

Laine, Heini (SROY) Kirkkala, Teija (Pyhäjärvi Institute) 

Lahdenperä, Anne-Maj (SROY) Koivunen, Sari (SW Finland Water and 
Environ. Research) 

Marcos, Nuria (SROY) Lahdenperä, Anne-Maj (SROY) 
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Nordman, Henrik (Technical Research Centre 
of Finland, VTT) 

Marcos, Nuria (SROY) 

Nykyri, Mikko (Safram) Salo, Tapio (MTT Agrifood Research Finland) 

Pastina, Barbara (SROY) Kangasniemi, Ville (Pyhäjärvi Institute) 

Poteri, Antti (VTT) Toivola, Mikko (FM Meri & Erä) 

Pulkkinen, Veli-Matti (VTT)  

Schatz, Tim (B+Tech)  

Smith, Paul (Sam Ltd)  

Snellman, Margit (SROY)  

Vähänen, Marjut (Posiva Oy)  
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1 INTRODUCTION 

1.1 Background 

On assignment by its owners, Fortum Oyj and Teollisuuden Voima Oyj, Posiva Oy will 
manage the disposal of spent nuclear fuel from the Loviisa and Olkiluoto nuclear power 
plants. At Loviisa, two pressurised water reactors (VVER-440) are in operation; at 
Olkiluoto, two boiling water reactors are operating and one pressurised water reactor is 
under construction. Plans exist also for a fourth nuclear power unit at Olkiluoto. At both 
sites there are facilities available for intermediate storage of the spent nuclear fuel 
before disposal.  

In 2001, the Parliament of Finland endorsed a Decision-in-Principle (DiP) whereby the 
spent nuclear fuel generated during the operating life of the operating Loviisa and 
Olkiluoto reactors will be disposed in a geological repository at Olkiluoto. This first 
DiP allowed for the disposal of a maximum amount of spent nuclear fuel corresponding 
to 6500 tonnes of uranium (tU) initially loaded into the reactors. Subsequently, 
additional DiPs were issued in 2002 and 2010 allowing extension of the repository (up 
to 9000 tU) to also accommodate spent nuclear fuel from the operations of the OL3 
reactor and the planned OL4 reactor. OL4 spent nuclear fuel is handled in the TURVA-
2012 safety case assuming it to be similar to OL3 spent nuclear fuel. 

1.2 The KBS-3 method 

The 2001 DiP states that disposal of spent nuclear fuel shall take place in a geological 
repository at the Olkiluoto site, developed according to the KBS-3 method. In the 
KBS-3 method, spent nuclear fuel encapsulated in water-tight and gas-tight sealed 
metallic canisters with a mechanical load-bearing insert is emplaced deep underground 
in a geological repository constructed in the bedrock. According to the DiP, the 
repository shall be located at minimum depth of 400 m. In Posiva’s current repository 
design, the repository is constructed on a single level and the floor of the deposition 
tunnels is at a depth of 400−450 m in the Olkiluoto bedrock. 

Posiva’s reference design in the construction license application is based on vertical 
emplacement of the spent nuclear fuel canisters (KBS-3V; Figure 1-1). Currently, an 
alternative horizontal emplacement design (KBS-3H) is being jointly developed by the 
Swedish Nuclear Fuel and Waste Management Company (SKB) and Posiva.  

The KBS-3V design is based on a multi-barrier principle in which copper-iron canisters 
containing spent nuclear fuel are emplaced vertically in individual deposition holes 
bored in the floors of the deposition tunnels (see inset in Figure 1-1). The canisters are 
to be surrounded by a swelling clay buffer material that separates them from the 
bedrock. The deposition tunnels and the central tunnels and the other underground 
openings are to be backfilled with materials of low permeability.  
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Figure 1-1. Schematic presentation of the KBS-3V design. 

 
1.3 Posiva’s programme for developing a KBS-3 repository at Olkiluoto 

The Olkiluoto site, located on the coast of south-western Finland (Figure 1-2), has been 
investigated for over 20 years. During the past few years, key activities in the 
programme have been related to:  

 completion of the investigations for site confirmation at Olkiluoto both through 
analyses of data from surface-drilled characterisation holes and surveys and studies 
carried out in the ONKALO underground research facility,  

 the design of required surface and disposal facilities,  
 the development of the selected disposal technology to the level required for the 

construction license application, and 
 demonstration of the long-term safety of the disposal of spent nuclear fuel including 

the preparation of a safety case (Section 1.6) presented as a portfolio of reports, 
including the present report. 

Posiva’s ongoing RTD (research, development and technical design) phase has been 
introduced in the TKS-2009 report (Posiva 2009) for the years 2010−2012, which also 
provides insight into developments from previous RTD phases. In 2012 a new RTD 
programme (YJH-2012) for 2013-2015 was published (Posiva 2012). In Figure 1-3, a 
general timeline of Posiva’s programme is presented. 
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Figure 1-2. Olkiluoto Island is situated on the coast of the Baltic Sea in south-western 
Finland. Photograph by Helifoto Oy. 

 

Figure 1-3. Overall schedule for nuclear waste management relating to the Loviisa and 
Olkiluoto reactors until 2020. The target is to begin disposal of spent nuclear fuel around 
2020.   
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The repository will be located in the bedrock of Olkiluoto Island taking into account the 
host rock properties as well as the restrictions set by urban planning in the Eurajoki 
Municipality. In Figure 1-4 the current reference layout is presented. 

 

 

Figure 1-4. The current reference layout (green). Dark grey areas are not suitable for 
deposition tunnels based on the Rock Suitability Classification (RSC) that has been 
developed by Posiva. Red ovals denote respect distances to drillholes. Red line 
surrounding the repository shows the area reserved for the repository in urban 
planning. 
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1.4 Regulatory context for the management of spent nuclear fuel 

According to the law, the Finnish Ministry of Employment and the Economy (TEM; 
previously the Ministry of Trade and Industry, KTM) decides on the principles to be 
followed in waste management of spent fuel and other nuclear waste.  

The schedule for the disposal of spent nuclear fuel was established in the KTM’s 
Decision 9/815/2003. According to this Decision, the parties under the nuclear waste 
management obligation shall, either separately, together or through Posiva Oy, prepare 
to present all reports and plans required to obtain a construction license for a disposal 
facility for spent nuclear fuel as stated in the Nuclear Energy Decree by the end of 2012. 
The disposal facility is expected to become operational around the year 2020. 

The legislation concerning nuclear energy was updated in 2008. As part of the 
legislative reform, a number of the relevant Government Decisions were replaced with 
Government Decrees. The Decrees entered into force on 1st December 2008. The 
Government Decision (478/1999) regarding the safety of disposal of spent nuclear fuel, 
which particularly applied to the disposal facility, was replaced with Government 
Decree 736/2008, issued 27 November 2008. 

Currently, the valid Regulatory Guides pertaining to nuclear waste management are 
Guides YVL 8.1−8.5; additionally, a number of other YVL Guides may be applied in 
part to nuclear waste management. The Radiation and Nuclear Safety Authority (STUK) 
is in the process of updating its YVL Guides to comply with the new legislation. 
According to the current drafts, the Guides pertaining to the disposal of spent nuclear 
fuel will belong to the YVL-D series consisting of a total of five Guides. Guide YVL 
D.1 will deal with nuclear non-proliferation control, D.2 with the transport of nuclear 
material and nuclear waste, D.3 with the processing, storage and encapsulation of spent 
nuclear fuel, D.4 with nuclear waste management and decommissioning activities and 
D.5 with the disposal of nuclear waste. The latest draft of the Guide YVL D.5 (Draft 4, 
17.3.2011 in Finnish only) was consulted for the preparation of the TURVA-2012 
safety case (see Section 1.6). 

1.5 Safety concept and safety functions  

The long-term safety principles of Posiva’s planned repository system are described at 
Level 2 of the VAHA (VAHA is Posiva’s requirement management system) as follows: 

1. The spent nuclear fuel elements are disposed of in a repository located deep in the 
Olkiluoto bedrock. The release of radionuclides is prevented with a multi-barrier 
disposal system consisting of a system of engineered barriers (EBS) and host rock 
such that the system effectively isolates the radionuclides from the living 
environment. 
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2. The engineered barrier system consists of 
 a) canisters to contain the radionuclides for as long as they could cause 
significant harm to the environment, 
b) buffer between the canisters and the host rock to protect the canisters as long as 
containment of radionuclides is needed,  
c) deposition tunnel backfill and plugs to keep the buffer in place and help restore 
the natural conditions in the host rock, 
d) the closure, i.e. the backfill and sealing structures to decouple the repository from 
the surface environment.  

3. The host rock and depth of the repository are selected in such a way as to make it 
possible for the EBS to fulfil the functions of containment and isolation described 
above. 

4. Should any of the canisters start to leak, the repository system as a whole will hinder 
or retard releases of radionuclides to the biosphere to the level required by the long-
term safety criteria. 

The safety concept, as depicted in Figure 1-5, is a conceptual description of how these 
principles are applied together to achieve safe disposal of spent nuclear fuel in the 
conditions of the Olkiluoto site. Due to the long-term hazard of the spent nuclear fuel, it 
has to be isolated from the surface environment over a long period of time. The KBS-3 
method provides long-term isolation and containment of spent nuclear fuel by a 
system of multiple barriers, both engineered and natural, and by ensuring a sufficient 
depth of disposal (the key safety features of the system in Figure 1-5). All of these 
barriers have their roles in establishing the required long-term safety of the repository 
system. These roles constitute the safety functions of the barriers (see Table 1-1). The 
surface environment is not given any safety functions; instead it is considered as the 
object of the protection provided by the repository system.  
 
Most radionuclides in the spent nuclear fuel are embedded in a ceramic matrix (UO2) 
that itself is resistant to dissolution in the expected repository conditions. The slow 
release of radionuclides from the spent nuclear fuel matrix is part of Posiva’s safety 
concept. Moreover, the near-field conditions should contribute to maintain the low 
solubility of the matrix. 
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Figure 1-5. Outline of the safety concept for a KBS-3 type repository for spent nuclear 
fuel in a crystalline bedrock (adapted from Posiva 2003). Orange pillars and blocks 
indicate the primary safety features and properties of the disposal system. Green pillars 
and blocks indicate the secondary safety features that may become important in the 
event of a radionuclide release from a canister. 

 
Implementation of the KBS-3 method entails the introduction of a number of additional 
barriers because of engineering, operational safety or long-term safety needs. Long-term 
safety needs arise, for example, because implementation involves the construction of a 
system of underground openings, including access tunnels and shafts, that would 
significantly perturb the safety functions of the host rock unless backfilled and sealed at 
closure of the disposal facility. These closure components with long-term safety 
functions include:  
 
 backfill of underground openings, including the central tunnels, access tunnels, 

shafts, and other excavations, and 
 drillhole plugs, mechanical plugs, long-term hydraulic plugs at different depths and 

plugs near the surface.  
 
The safety functions of the engineered barrier system (EBS) components and host rock 
are summarised in Table 1-1. In the TURVA-2012 safety case documentation, the spent 
nuclear fuel, EBS and the host rock are jointly termed the repository system, whereas 
the term disposal system is used when the repository system and the surface 
environment are both considered (see Figure 1-6). 
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Table 1-1. Summary of safety functions assigned to the barriers (EBS components and 
host rock) in Posiva’s KBS-3V repository.  

Barrier Safety functions 

Canister   Ensure a prolonged period of containment of the spent nuclear fuel. This 
safety function rests first and foremost on the mechanical strength of the 
canister’s cast iron insert and the corrosion resistance of the copper 
surrounding it. 

Buffer   Contribute to mechanical, geochemical and hydrogeological conditions 
that are predictable and favourable to the canister, 

 Protect canisters from external processes that could compromise the 
safety function of complete containment of the spent nuclear fuel and 
associated radionuclides, 

 Limit and retard radionuclide releases in the event of canister failure. 

Deposition 
tunnel 
backfill 

 Contribute to favourable and predictable mechanical, geochemical and 
hydrogeological conditions for the buffer and canisters, 

 Limit and retard radionuclide releases in the possible event of canister 
failure, 

 Contribute to the mechanical stability of the rock adjacent to the 
deposition tunnels.  

Host rock  Isolate the spent nuclear fuel repository from the surface environment 
and normal habitats for humans, other animals and plants, and limit the 
possibility of human intrusion, and isolate the EBS from changing 
conditions at the ground surface, 

 Provide favourable and predictable mechanical, geochemical and 
hydrogeological conditions for the engineered barriers, 

 Limit the transport and retard the migration of harmful substances that 
could be released from the repository. 

Closure  Prevent the underground openings from compromising the long-term 
isolation of the repository from the surface environment and normal 
habitats for humans, other animals and plants, 

 Contribute to favourable and predictable geochemical and 
hydrogeological conditions for the other engineered barriers by 
preventing the formation of significant water conductive flow paths 
through the openings, 

 Limit and retard inflow of water to and release of harmful substances 
from the repository. 
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Figure 1-6. The components of the disposal system. 

1.6 TURVA-2012 Safety Case portfolio 

A safety case for a geological disposal facility documents the scientific and technical 
understanding of the disposal system, including the safety barriers and safety functions 
that these are expected to provide, results of a quantitative safety assessment, the 
process of systematically analysing the ability of the repository system to maintain its 
safety functions and to meet long-term safety requirements, and provides a compilation 
of evidence and arguments that complement and support the reliability of the results of 
the quantitative analyses.    

As stated in Guide YVL D.5, A101: Compliance with the requirements concerning 
long-term radiation safety, and the suitability of the disposal method and disposal site, 
shall be proven through a safety case that must analyze both expected evolution 
scenarios and unlikely events impairing long-term safety. The safety case comprises a 
numerical analysis based on experimental studies and complementary considerations 
insofar as quantitative analyses are not feasible or involve considerable uncertainties 
(Government Decree GD 736/2008). 

The TURVA-2012 safety case for the disposal of spent nuclear fuel at Olkiluoto is 
compiled in a portfolio of main reports with supporting documents (Figure 1-7). In this 
report, all TURVA-2012 portfolio reports are referenced using the report title (as below) 
in italics. The full titles and report numbers are listed at the beginning of the reference 
list.  

The main reports and supporting documents of the TURVA-2012 portfolio are briefly 
described in the following. 

Synthesis provides a summary of the TURVA-2012 safety case, building on the key 
results from all main safety case reports. It represents a synthesis of the assessment of 
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both the repository system and the surface environment (biosphere). It provides a 
description of the overall safety case methodology, brings together quantitative 
evidence and other lines of argument, gives a statement of confidence in the safety of 
the proposed disposal system and provides an evaluation of compliance with long-term 
safety constraints.  

Site Description and Biosphere Description are the two main supporting documents that 
describe the relevant characteristics of the site’s geosphere and surface environment, 
respectively. In addition to present-day conditions, they discuss the past evolution of the 
site and future evolution of the surface environment, and highlight the most important 
characteristics to be represented in geosphere and biosphere modelling. 

Description of the Disposal System summarises the initial state of the repository system 
components (spent nuclear fuel, EBS and host rock) and of the surface environment. 
The descriptions of the engineered barriers and underground openings are based on the 
Production Line reports, whereas the descriptions of the host rock and the surface 
environment are based on Site Description and Biosphere Description, respectively. The 
initial state of the spent nuclear fuel is also presented. The report provides the main 
characteristics of the components of the disposal system to be used as input to the safety 
assessment. 

Features, Events and Processes identifies and describes the various features, events and 
processes (FEPs) that need to be taken into account when assessing the long-term safety 
of the Olkiluoto spent nuclear fuel repository, thus feeding into the performance 
assessment, the formulation of radionuclide release scenarios, and the assessment of the 
scenarios for the repository system and the biosphere (see below). 

In the review of the pre-licensing documentation, STUK emphasises the importance of 
defining performance targets and target properties, giving the reasoning behind them, 
and providing an assessment of how they are fulfilled by the repository system. Details 
on the reasoning and rationale behind the definition of the performance targets for the 
EBS components and target properties of the host rock are specified in Design Basis. 
The report is supported by the Production Line reports (for the canister, buffer, backfill, 
closure and underground openings), which present the detailed design specifications for 
the repository components, combined with a description of their production and initial 
state. 
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Main reports

Main supporting documents

Site Description Biosphere Description
Understanding of the present state and past 

evolution of the host rock

Understanding of the present state and evolution of 
the surface environment

Models and Data for the 
Repository System

Biosphere Data Basis

Description of climate evolution and definition of release scenarios

Models and data used in the performance 
assessment and in the analysis of the 

radionuclide release scenarios

TURVA-2012

Synthesis
Description of the overall methodology of analysis, bringing together all the lines of arguments for safety, and the 

statement of confidence and the evaluation of compliance with long-term safety constraints

Design Basis 
Performance targets and target properties for the repository system

Production Lines
Design, production and initial state of the EBS and the underground openings

Description of the Disposal System 

Analysis of releases and calculation of doses and activity fluxes.

Complementary Considerations
Supporting evidence incl. natural and anthropogenic analogues

Data used in the biosphere assessment and 
summary of models

Biosphere Assessment: Modelling reports

Description of the models and detailed modelling of surface environment

Assessment of Radionuclide 
Release Scenarios for the 

Repository System
Biosphere Assessment                

Summary of the initial state of the repository system and present state of the surface environment

Features, Events and Processes
General description of features, events and processes affecting the disposal system 

Performance Assessment
Analysis of the performance of the repository system and evaluation of the fulfillment of performance 

targets and target properties 

Formulation of Radionuclide Release Scenarios

 

Figure 1-7. TURVA-2012 safety case portfolio including report names (coloured boxes) 
and brief descriptions of the contents (white boxes). Disposal system = repository 
system + surface environment.  
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Performance Assessment replaces the previous reports dealing with the normal, i.e. 
expected, evolution of a spent nuclear fuel repository (Crawford & Wilmot 1998, 
Pastina & Hellä 2006), in which the EBS and geosphere are expected to uphold their 
safety functions with no releases of radionuclides for at least 10,000 years and even 
after 100,000 years. The fulfilment of the performance targets and target properties 
during the expected evolution of the repository system is evaluated in Performance 
Assessment. Performance Assessment covers the performance of the system for the 
entire assessment time frame of one million years, with a special focus on the 
containment safety function of the canister and isolating safety function of other EBS 
components and the geosphere in the first 10,000 years (as required in Guide YVL D.5). 
The main focus of the report is the expected evolution and performance, but it is also 
shown that there are some plausible conditions, and some unlikely events and processes, 
that could lead to a reduction of one or more safety functions and, potentially, give rise 
to radionuclide releases. Thus, Performance Assessment presents the expected evolution 
of the repository in which the majority of the canisters in the repository provide 
complete containment of radionuclides throughout the assessment time frame.  

The performance assessment identifies uncertainties in the initial state of the barriers 
and/or in the evolution of the repository system that could lead to radionuclide releases. 
These deviations from the desired initial state or expected evolution are propagated to 
Formulation of Radionuclide Release Scenarios, which defines the scenarios and the 
calculation cases for both the repository system and the surface environment. The aim 
of Formulation of Radionuclide Release Scenarios is to systematically define a set of 
scenarios that encompass the important combinations of initial conditions, expected 
evolution and disruptive events.  

In past assessments by Posiva, the case of a canister with an initial defect has been 
assessed as a case to test the performance of the other engineered barriers and host rock. 
While this is not necessarily the most likely feature that could lead to release of 
radionuclides, it is the reference case in Formulation of Radionuclide Release Scenarios 
that also complies with the GD 736/2008. Thus, in TURVA-2012, the base scenario 
addresses the most likely lines of evolution and takes into account the incidental 
possibility of one or a few canisters with initial undetected penetrating defects. The 
classification of scenarios emphasises that incidental deviations that may lead to 
radionuclide release (e.g. an initial defect of a canister) have low probability. The design 
aim for the repository and expected outcome is that the majority of the canisters in the 
repository will provide complete containment of radionuclides throughout the 
assessment time frame (as shown in Performance Assessment) and there will be no 
releases of radionuclides from the canisters for at least several hundreds of thousands of 
years. The assumption that no more than a few canisters have initial penetrating defects 
is based on expert judgement concerning the canister welding method (electron beam 
welding − EBW) and non-destructive testing (NDT) capabilities. With continued 
testing, it seems practicable in the future to show that the probability of more than one 
initially defective canister in the repository is less than one per cent. At the moment, 
therefore, the number of defective canisters is assumed to be one canister out of 4500 in 
the reference case realisation of the base scenario.  
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The analyses of the releases and calculated activity fluxes and doses are presented in 
Assessment of Radionuclide Release Scenarios for the Repository System and in 
Biosphere Assessment. 

Models and Data for the Repository System summarises the models and the data used in 
the performance assessment and the analysis of radionuclide release scenarios for the 
repository system. As to the surface environment, the data used in the biosphere 
assessment BSA-2012 are documented in Biosphere Data Basis, and the models are 
documented in Terrain and Ecosystems Development Modelling, Surface and Near-
Surface Hydrological Modelling, Biosphere Radionuclide Transport and Dose 
Assessment Modelling and Dose Assessment for Plants and Animals. 

Complementary Considerations supports the safety case by presenting complementary 
evidence for the safety of nuclear waste disposal in crystalline bedrock according to the 
KBS-3 method.  In particular, it provides evidence for the reliable performance and 
longevity of the engineered barrier materials, and suitability of the Olkiluoto site to 
provide the necessary conditions for long-term safety, focusing on qualitative 
supporting arguments.  

The TURVA-2012 safety case portfolio is based on the safety case plan published in 
2008 (Posiva 2008), which updates an earlier plan published in 2005 (Vieno & Ikonen 
2005). In the updated safety case plan, further details are provided on quality assurance 
and control procedures and their documentation, as well as on the consistent handling of 
different types of uncertainties. Since 2008, the safety case plan has been iterated based 
on the feedback received from the authorities, and the contents of the safety case 
portfolio TURVA-2012 are now as presented in Figure 1-6. 

1.7 Quality assurance 

The quality assurance (QA) procedures for the safety case (SAFCA) portfolio (see 
Figure 1-7) have been carried out following Posiva’s quality management system, which 
complies with the ISO 9001:2008 standard and considers relevant regulatory 
requirements. Even though the quality assurance is based throughout on management 
according to the standard ISO9001:2008, a graded approach proposed for nuclear 
facilities is adopted, i.e. the primary emphasis is on the quality control of the safety 
case, particularly for those activities that have a direct bearing on long-term safety, 
whereas standard quality measures are applied in the supporting work. This means, in 
practice, that the main safety case reports are subjected to stricter quality demands than 
general research activities. The input from Posiva’s own RTD activities and other 
research also fulfil the ISO 9001 quality standards.  

The general quality guidelines of Posiva are also applied; the composition and quality 
management of portfolio reports and the recruitment of expert reviewers are carried out 
according to the respective guidelines. In addition, special attention is paid to the 
management of the processes that are applied to produce the safety case and its 
foundations, which is the basis for the whole safety case process and organisation of the 
work. The purpose of this enhanced process control is to provide full traceability and 
transparency of the data, assumptions, models, calculations and results. The safety case 
production process is a part of Posiva’s RTD process and is linked to Posiva’s 
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Production lines, Facility design and other main processes. The main customer is the 
Strategy process and the Licensing sub-process. The aim of the safety case production 
process is to produce the long-term safety documentation for the construction license 
application. The safety case production process is owned by the research manager of 
Posiva’s Long-term Safety Unit in Posiva’s Research Department.  

The overall plan, main goals and constraints for the safety case production process are 
presented in the Safety case plan (Posiva 2008). The details of how the Safety case plan 
2008 is being implemented are described in the SAFCA project plan. The work is 
managed and coordinated by a SAFCA core group and supervised by a steering group. 

The safety case production process is divided into four main sub-processes: 
Conceptualisation and Methodology, Data Handling and Modelling, Safety Assessment, 
and Evaluation of Compliance and Confidence. 

The Data Handling and Modelling sub-process constitutes the central linkage between 
Posiva’s main technical and scientific activities and the production of the safety case. It 
is a clearinghouse activity between the supply of, and demand for, quality-assured data 
for the safety case. Data are produced by Posiva’s planning, design and development 
processes for the EBS (Engineered Barrier System), by the site characterisation process 
for the geoscientific data and through the biosphere description of the Olkiluoto area.  

A SAFCA quality co-ordinator (QC) has been designated for the activities related to the 
quality assurance measures applied to the production of the safety case contents. The 
QC is responsible for checking that the instructions and guidelines are followed, and 
improvements are made in the process as deemed useful or necessary. The QC is also 
responsible for the coordination of the external expert reviews, maintenance of 
schedules, review and approval of the products, and the management of the expert 
elicitation process. The QC also leads the quality review of models and data used in the 
Data Handling and Modelling sub-process. Regular auditing of the safety case 
production process is done as part of Posiva's internal audit programme. 

Data sources and quality aspects of the sources are documented according to a specific 
guideline. Individual data and databases are approved through a clearance procedure 
supervised by the SAFCA Quality Co-ordinator. The process owner checks and 
approves the data and the QC checks and approves the procedure. Data used may also 
be approved using other Posiva databases such as VAHA or POTTI and the respective 
approval processes. A clearance procedure has been applied to all key data used in the 
performance assessment (i.e. showing compliance with performance targets and target 
properties), and in the safety assessment (i.e. radionuclide transport and dose 
calculations).  

The control and supervision of the safety case products (i.e. main portfolio reports) has 
been done in two steps, first an internal review by safety case experts and subject-matter 
experts within Posiva’s RTD programme and then the second step by external expert 
reviewers. A group of external experts covering the essential areas of knowledge and 
expertise needed in the safety case production has been set up. The review process is 
based on review templates, which record each review comment and how it has been 
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addressed. Upon completion, this template is checked and approved according to the 
quality guidelines of Posiva. 

An expert elicitation process has been applied for specific cases when the understanding 
or data basis is conflicting and consensus is needed for the selection of key data (e.g. 
future climate scenarios, solubility and sorption data). This expert elicitation process has 
been initiated, recruited, documented and managed by the SAFCA Quality Co-
ordinator. 

QA issues are discussed further in Synthesis. Quality assurance and quality control 
measures related to the production and operation of the repository are discussed in detail 
in Production Line reports (Canister, Buffer, Backfill, Closure and Underground 
Openings).  

1.8 Scope and objectives of the present report 

This report is one of the main reports of the TURVA-2012 portfolio  (see green boxes in 
Figure 1-7). The main objective is the formulation of the scenarios leading to 
radionuclide releases to be assessed in Assessment of Radionuclide Release Scenarios 
for the Repository System and in Biosphere Assessment by means of calculation cases. 
The formulation of scenarios takes into account the safety functions (Table 1-1) of the 
main barriers of the repository system and the uncertainties in the features, events, and 
processes (FEPs) that may affect the entire disposal system (i.e. repository system plus 
the surface environment) from the emplacement of the first canister until the far future. 
A demonstration of compliance with the performance targets/target properties (see 
Design Basis), providing assurance that the safety functions of the engineered and 
natural barriers will be achieved, has been provided in Performance Assessment. In that 
report, major uncertainties in the initial state of the barriers and the evolution of the 
repository system have been identified and these are taken into account in the 
formulation of radionuclide release scenarios. The uncertainties involved in the 
evolution of the surface environment, and thus in the FEPs associated with that 
environment, are also taken into account in formulating the surface environment 
scenarios used ultimately in estimating radiation exposure. 

1.9 Structure  

The structure of the present report is as summarised below. 

 Chapter 2 presents the methodology for the formulation of radionuclide release 
scenarios as constrained by the regulatory guidelines. 

 Chapter 3 presents an overview of the scenarios that are discussed in more detail in 
Chapters 5 and 6. 

 Chapter 4 presents the selected climate evolution that is used to frame the scenarios. 

 Chapter 5 deals with the repository system scenarios, and follows in detail the 
methodology presented in Section 2.5. 
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 Chapter 6 deals with the surface environment scenarios following in detail the 
methodology presented in Section 2.5. 

 Chapters 7 and 8 present the calculation cases defined for the scenarios in Chapter 5 
and 6. 

 Chapter 9 summarises the contents of the report and provides a discussion on 
comprehensiveness, that is, have the most important FEPs (individually and/or 
combined) been taken into account in formulating the radionuclide release scenarios 
and what FEPs (in Features, Events, and Processes) have been left out and why? 
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2 SCENARIO METHODOLOGY 

2.1 Definition of a scenario  

According to the International Atomic Energy Agency (IAEA), a scenario is “A 
postulated or assumed set of conditions and/or events. Most commonly used in analysis 
or assessment to represent possible future conditions and/or events to be modelled, such 
as possible accidents at a nuclear facility, or the possible future evolution of a repository 
and its surroundings. A scenario may represent the conditions at a single point in time or 
a single event, or a time history of conditions and/or events (including processes)” 
(IAEA 2007). 

2.1.1 Scenarios, scoping calculations and calculation cases 

For the purpose of this report, a scenario represents one time history of conditions, 
(called hereafter a line of evolution) or more than one (lines of evolution). The 
behaviour of the repository system or parts of it has, in this context, been analysed, 
where needed, with a set of scoping calculations mainly reported in Performance 
Assessment. If the scoping calculations show that the failure of one or more barriers (i.e. 
the failure of one or more safety functions) may result in radionuclide releases, then a 
set of calculation cases (reference case, sensitivity cases, “what if” cases) is defined in 
this report within the scenario to analyse the impact of these potential radionuclide 
releases from one or more failed canisters. The analysis of these scenarios and 
calculation cases is done within the context of Assessment of Radionuclide Release 
Scenarios for the Repository System and Biosphere Assessment. It should be noted that 
potential radionuclide releases are treated in two major steps: 1) the release from the 
canisters, through the other components  of the Engineered Barrier System (EBS) and 
up to the top of the geosphere (main results given as annual activity fluxes) and 2) from 
the top of the geosphere into the surface environment where the radionuclides may 
cause radiation exposure to humans, plants and animals (main results given as radiation 
doses and dose rates). This second step is limited to a time window of several millennia 
as stated in GD 736/2008, Section 4. 

2.1.2 Scenarios and uncertainty 

Because the future is inherently uncertain, scenarios are needed to handle uncertainties 
in the characteristics, impact, timing, duration and extent of the features, events and 
processes (FEPs) that arise during the evolution of the disposal system. The 
uncertainties within the repository system are highlighted in Performance Assessment 
and are treated in this report by formulating appropriate scenarios.  The consequences of 
these scenarios for the release and transport of radionuclides, if any, are dealt with in 
Assessment of Radionuclide Release Scenarios for the Repository System and in 
Biosphere Assessment.  

Data uncertainties are managed through the formulation of sensitivity calculation cases, 
where data are varied over reasonable ranges. These sensitivity cases may belong to the 
same scenario or to different scenarios depending on the assumptions and data 
underlying the models and methods applied in the calculations. Complementary 
deterministic and probabilistic analyses are used in Assessment of Radionuclide Release 
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Scenarios for the Repository System to show the impact of data and model uncertainties 
to cover a wide range of data and model assumptions. 

Model uncertainties derived from different lines of evolution or that could arise from 
the existence of alternative conceptualisations of relevant processes within a single line 
of evolution may be treated within the same or different scenarios depending on the 
consistency between the models and the data in question. 

It must, however, be noted that different lines of evolution may be analysed, if not in the 
same calculation case, at least within the same scenario (see Chapters 5 and 6). 

2.2 Hierarchy of scenarios and scenario justification  

Following the Finnish regulatory guidelines given in Guide YVL D.5 (STUK 2011), 
three “top level” types of scenarios are considered: a base scenario, variant scenarios, 
and disturbance scenarios (Figure 2-1).  

Appendix A of Guide YVL D.5 defines these types of scenarios:  

 Base scenario: The base scenario shall assume the performance targets for each 
safety function, taking account of incidental deviations from the target values. 

 Variant scenarios: The influence of declined performance of a single safety function 
or, in case of coupling between safety functions, the combined effects of declined 
performance of more than one safety function shall be analysed by means of variant 
scenarios. 

 Disturbance scenarios:  Disturbance scenarios shall be constructed for the analysis 
of unlikely events impairing long-term safety. 

In the same Appendix (A07) it is also said that: Modelling and determination of input 
data shall be based on high-quality scientific knowledge and expert judgement obtained 
through laboratory experiments, site investigations and evidence from natural 
analogues. The models and input data shall be consistent with the scenario, assessment 
period and disposal system. Whenever the input data used in modelling involve random 
variations due to e.g. heterogeneity of rock, stochastic models may be employed. 

 

Figure 2-1. Scenario classification according to Guide YVL D.5 (draft 4, STUK 2011). 
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It should be noted that there may be models and input data that are useful to employ in 
the assessment to enhance confidence in the safety of the system that are not necessarily 
consistent with the types of scenarios defined as above, especially for assessing the 
impact of model and data uncertainties or illustrating some aspect of subsystem 
performance. These kinds of situations are treated by identifying complementary 
calculation cases. Under complementary cases, calculation cases similar to the ones in 
Section 7.4 in Nykyri et al. (2008; p. 124-128) are identified and analysed. Also 
probabilistic sensitivity analyses, more practical than sensitivity analysis of individual, 
deterministically specified calculation cases when exploring the consequences of every 
possible combination of parameter values, are reported in Assessment of Radionuclide 
Release Scenarios for the Repository System and in Biosphere Assessment1 to 
complement the analyses of the scenarios.  

It should already here be stressed that it is not possible to directly apply the regulatory 
prescribed definitions of scenarios to the surface environment, since it has no safety 
functions. How Posiva adopts a reasonable extension of the prescribed concept in order 
to benefit from having the same types of scenarios for the surface environment as for 
the repository system is further discussed in Section 2.5.  

2.2.1 Scenarios in the context of climatic evolution 

The climatic evolution (see Chapter 4) constitutes the key boundary condition or 
overarching FEP for the disposal system evolution (e.g. current crustal uplift is the 
consequence of past climate changes and crustal uplift influences hydrogeology and 
hydrogeochemistry in the entire disposal system and, therefore, the performance of the 
EBS and the geosphere). The disposal system evolution comprises both the evolution of 
the repository system and the surface environment.   

Even though the definition of base, variant and disturbance scenarios applies to the 
whole disposal system, the detailed description of the evolution of the repository system 
and the surface environment can in practice be decoupled, based on the following: 

1) only a few FEPs simultaneously act in both the repository system and the surface 
environment (e.g. crustal uplift affects surface hydrology and groundwater 
evolution), and  

2) the detailed evolution of the surface environment is constrained, according to Guide 
YVL D.5 paragraph 306 to the “assessment period, during which the radiation 
exposure of humans can be assessed with sufficient reliability, and which shall 
extend at a minimum over several millennia (GD 736/2008)”, whereas 

3) the nuclide specific constraints for the radioactive releases to the environment 
(Guide YVL D.5 paragraph 312) apply to limiting the radiation exposures arising 
beyond the assessment period mentioned above (Guide YVL D.5, paragraph 311).  

That is, the detailed evolution of the repository system is considered also beyond several 
millennia, whereas the consideration of the evolution of the surface environment after 
several millennia is limited only to the evolution of surface hydrology along with 

                                                 

1 More specifically in the supporting reports to Biosphere Assessment. 



30 

 

climate-driven surface changes affecting the surface hydrology (e.g. ice sheet 
development, permafrost formation) that also give the boundary conditions for the 
groundwater evolution (see also Section 2.4 for a discussion of the position taken by 
Posiva on the period over which the radiation exposure of humans can be assessed with 
sufficient reliability). 

Because the assessment time windows for the surface environment (where radiation 
dose constraints apply) and the repository system overlap only for several millennia and 
because of the reasons above, the descriptions of the base, variant and disturbance 
scenarios are made for the repository system and the surface environment separately. It 
should be noted that only those lines of evolution within the scenarios defined for the 
repository system giving rise to radionuclide releases within the time window of the 
first several millennia are subject to further analysis within the scenarios defined and 
described for the surface environment.  

2.2.2 Lines of evolution  

Lines of evolution are defined following the timelines given by the climatic evolution 
(see Chapter 4) selected based on the recommendations of Pimenoff et al. (2011). The 
climatic evolution gives the time windows for which various climate-driven processes 
in the disposal system may operate (see Chapter 4). Processes internal to the disposal 
system (whether or not driven by external events and associated changes in external 
conditions) are also taken into account, and are the special focus of Chapters 5 to 7 in 
Performance Assessment.  

The lines of evolution that comprise the expected climatic evolution and frame the 
disposal system evolution are as follows: 

1. The climatic evolution takes into account a temperate period (i.e. boreal climate) 
similar to the current one, which is assumed to prolong from today until about 
50,000 years AP according to Table 3 in Pimenoff et al. (2011). Thereafter, present-
era human effects are assumed to have subsided and a return to glacial-interglacial 
cycling is expected; this is represented by assuming a repetition of the Weichselian 
glacial-interglacial cycle (which lasted about 120,000 years). It is acknowledged that 
this is a very simplistic assumption, since in the last million years none of the glacial 
cycles has been a repetition of any other. There could be shorter or longer 
permafrost periods and less or greater ice cover. However very pessimistic, if not 
unrealistic, climate conditions would need to be assumed for permafrost to reach 
repository depth (Hartikainen 2013). Because of the uncertainties in the timing and 
duration of periods of permafrost, only specific time windows covering permafrost 
have been selected for detailed studies. The most reliably characterised ice-sheet 
retreat period at the end of the Weichselian has also been selected for detailed study. 

2. The evolution of the geosphere2 and surface environment includes the 
hydrogeological evolution (groundwater and surface water; coupled to thermal and 

                                                 

2 The evolution of the geosphere at the Olkiluoto site is discussed (see Sections.5.1,6.1, and 7.1 in the Performance Assessment 
report) for the time window of  the ongoing temperate period (boreal climate), for selected time windows of cold and dry climate 
(permafrost), and for selected time windows of ice-sheet advance and retreat (especially ice-sheet retreat, which tends to be more 
threatening to the isolation properties of the repository.) 
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mechanical evolution in the context of groundwater evolution); the evolution of 
surface water gives the boundary conditions for the hydrogeological evolution of 
groundwater (see Löfman & Karvonen 2012 and Sections 5.1, 6.1 and 7.1 in 
Performance Assessment). The hydrogeochemical evolution, i.e. variations in 
salinity and groundwater composition due to gradual dilution with meteoric water 
and possible intrusion of dilute glacial meltwaters, is coupled to hydrogeological 
evolution as stated above (see Sections 5.1, 6.1 and 7.1 in Performance Assessment), 
and the rock mechanics evolution is coupled to the thermal evolution (see Sections 
5.2, 5.3, 6.2, 6.3, 6.2 in Performance Assessment). 

3. The evolution of the EBS (i.e. canister, buffer, backfill, plugs at the mouth of the 
deposition tunnels and closure components) is coupled to climatic and geosphere 
evolution for the same time windows (see Sections 5.4, 5.5, 5.6, 6.4, 6.5, 6.6, 6.7, 
7.3, 7.4, 7.5, 7.6 in Performance Assessment). The evolution of the canister/s3 (with 
no initial penetrating defects) is coupled to buffer and backfill evolution (and 
consequently to climatic and geosphere evolution; see Sections 5.7, 6.8, 6.9, 7.7, 7.8 
in Performance Assessment). 

2.2.3 The link between the lines of evolution and scenario hierarchy 

The base scenario, as defined in Section 2.2, includes the expected, or most likely, lines 
of evolution of the repository system taking into account external conditions (i.e. 
climate evolution), internal phenomena, and human actions (e.g. leaving an undetected 
initial penetrating defect in a canister after manufacturing; see Ch. 5). It should be noted 
that the base scenario for the surface environment is based on the expected, or most 
likely, lines of evolution only to a limited degree; the surface environment scenarios are 
formulated by adopting a concept of credible lines of evolution (see Section 2.4). 

Lines of evolution within variant scenarios consider degraded performance of the safety 
functions of the canister and/or the combined effects of the degraded performance of 
more than one safety function of the other barriers, otherwise within expected 
conditions.  

Once again, because safety functions do not apply to the surface environment, variant 
scenarios consider credible variations in assumptions (see Section 2.4). 

Lines of evolution including unlikely events and processes (whether or not triggered by 
changes in external conditions) are taken into account within disturbance scenarios and 
may consider unlikely natural phenomena (e.g. large earthquakes, intrusion of huge 
amounts of dilute melt waters, accelerated corrosion rates) and human actions leading to 
induced features, processes and events such as large deviations in manufacturing and 
emplacement of the engineered barriers (e.g. large penetrating defect(s), etc). Lines of 
evolution incorporating inadvertent human intrusion are also included within the 
disturbance scenarios. These are addressed in detail in a separate report (Smith et al. 
2012) and briefly summarised in this report (see Section 6.3). 

                                                 

3 Note that the evolution of one canister or more with an initial undetected penetrating deffect will also be coupled to the evolution 
of the system as depicted above. 
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Complementary cases use models and data that are not necessarily consistent with the 
scenarios according to the scenario hierarchy in Section 1.6 or within the lines of 
evolution discussed above. These cases are used to add comprehensiveness to scenario 
analysis and provide additional disposal system performance understanding.  

2.3 Review of methodologies for scenario formulation  

Scenario development methodologies in the field of nuclear waste disposal have been 
previously described in the Nuclear Energy Agency (NEA) brochures, the first one in 
NEA (1991, p. 34-40). In that brochure, scenario development methods were 
categorised under four main classes: 1) judgemental, 2) fault/event-tree analysis, 3) 
simulation, and 4) systematic. The term judgemental refers to an informal interaction of 
experts. The fault/event-tree describes system behaviour in terms of an event or series of 
events leading to system failure. The simulation approach refers to the total system 
performance assessment approach (TSPA) used in the United States and the United 
Kingdom at that time.  The systematic approach starts with a comprehensive 
identification, classification, and screening of factors (currently called FEPs) that could 
influence repository safety, directly or indirectly.  

The performance assessment advisory group (PAAG) reported in more detail the 
systematic approaches to scenario development mentioned above in NEA (1992).  

Later on and along with the construction of the NEA FEP database (NEA 2000, NEA 
2006), a NEA workshop on scenario development was held in 1999 (NEA 2001), where 
it became evident that most national programmes used the systematic FEP-based 
approach, although the details of the approach were different. A major emphasis was 
put on FEP processing, although a unique formalised method could not be agreed upon. 
It was concluded that the scenario development methods were generally adequate and 
sufficient. From the description of the methodologies, it became evident that the role of 
the state of each barrier, compared with the state required to maintain its safety function 
and evaluated over time, is very important.  

The most recent documents treating scenario development methodologies are the NEA 
INTernational Experiences in Safety Cases (INTESC initiative; NEA 2009), the 
European Project PAMINA (Performance Assessment Methodologies in Application to 
guide the development of safety cases; WP1.1; PAMINA 2006-2009; Galson & 
Richardson 2001) and the NEA MeSA (Methods for Safety Assessment) Initiative 
(NEA 2012) in which Posiva participated. According to the latest information, in some 
national programmes scenarios are identified using a bottom-up approach (constructed 
from FEPs)  whereas others use a top-down approach identifying first safety functions 
and then focusing on what single FEPs or combinations of FEPs can affect those safety 
functions (NEA 2012). These two approaches have also been brought forward in the 
recent IAEA Safety Standard Series No. SSG-23 (IAEA 2012). 

It must be noted that, in the documents mentioned above, the biosphere, i.e. the surface 
environment, is explicitly or implicitly excluded. However, there is an extensive 
documented history of international cooperation on scenario development for the 
biosphere part of repository performance assessment. This could be said to have 
commenced within the EC PAGIS programme, which ran for 5 years up to 1988 
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(Commission of the European Communities 1988). Within PAGIS, a number of 
alternative land-based disposal systems were considered, each focusing on different 
types of geological environment. However, given the very long time before any release 
to the accessible environment normally accessed by humans, or the biosphere, it was 
considered appropriate to develop one biosphere assessment model for assessing doses 
to humans. This was prepared and reported in Lawson & Smith (1985). The model 
provided for PAGIS included a simplistic representation of land and water bodies, the 
ways by which radionuclides might migrate between and accumulate in such parts of 
the biosphere, and the ways in which humans might interact with that environment 
giving rise to radiation exposures. It was recognized that environmental change could 
affect dose estimates. Changes that could be relevant could be separated into those 
occurring before the release to the biosphere occurs, and those which occur while 
release is on-going or after it is complete. The scenarios developed in Lawson & Smith 
(1985) allowed for estimation of annual individual doses and collective doses, the latter, 
distributed in time and space. The PAGIS programme also included development of 
scenarios for alternative regionally based biosphere models.  

Collaboration on a global rather than European basis was initiated by the Swedish 
regulatory authority within a programme called BIOMOVS, which ran from 1985 to 
1990. The project allowed for inter-comparison of models to assess radiation doses 
arising due to long-term release of long-lived radionuclides in a variety of 
circumstances, i.e. different scenarios for release to the biosphere. This enabled the 
identification of potentially important processes, particularly those for which the then 
current information base was poor. These processes related to the biosphere systems as 
well as radio-ecological data on how radionuclides behave within those ecosystems, as 
reported in BIOMOVS (1990). The BIOMOVS output was one of the major inputs to a 
biosphere scenarios report prepared by an international working group arranged jointly 
by the Swedish regulatory authorities and the SKB (SKI/ SSI/SKB 1989). 

The BIOMOVS project was followed up by a second phase, BIOMOVS II, which ran 
from 1991 to 1996 (Davis et al. 1999). Among the key outputs were substantial 
quantitative model inter-comparison exercises made by expert groups from Switzerland, 
Netherlands, France, Belgium, Sweden, Canada, Spain and the UK (BIOMOVS II, 
1996b). At this stage, while a number of uncertainties were still considered worth 
further evaluation, some consensus was emerging on biosphere scenario development. 
Over the same period, further consideration was given to the need to address site-
specific issues, bearing in mind that current site circumstances would be subject to 
change. The key question was whether consideration of a limited number of biosphere 
systems could be sufficient for the analysis of the safety of radioactive waste 
repositories. Such an approach would avoid the need to provide assumptions for human 
behaviour and environmental changes, but arguably, would fail to address the problem 
in sufficient depth. Factors affecting the approach included not just site-specific issues, 
but also the regulatory background within which the performance assessments (PAs) 
were required to be made. Progress was also made within BIOMOVS II through the 
production of an outline reference biospheres methodology and a list of potentially 
relevant biosphere features, events and processes (FEPs) (BIOMOVS II, 1996b). By the 
time of the completion of BIOMOVS II, it was recognized that the level of detail for 
scenarios for biosphere assessment depends on many factors; in particular, at what stage 
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in the repository development the assessment is being made. At the same time, 
international recommendations and national regulatory guidance were being updated 
and revised, to give further explanation of the relevance of different timeframes and 
different safety indicators. The further consideration of these factors naturally affected 
the nature of relevant scenarios to be considered in biosphere assessment. 

Bearing this in mind, in 1996, the International Atomic Energy Agency set up a project 
within Theme 1 of the BIOMASS programme with the objective of developing the 
concept of ‘Reference Biospheres’ into a practical system for application to the 
assessment of the long-term safety of repositories for radioactive waste (IAEA 2003). 
The project attracted a great deal of interest, with participation and material inputs 
provided by 68 experts from 43 organisations and 17 countries. Apart from this new 
input, the work on scenario analysis built on the BIOMOVS activities, including the 
extension of the biosphere-specific FEP list mentioned above. A key feature of the 
BIOMASS methodology lies in the systematic approach to addressing the assessment 
issues. Not all issues have the same significance for all assessments. For example, some 
assessments are not required to consider environmental change, whereas others are. The 
BIOMASS methodology, however, provides a common basis for any assessment team 
to consider each issue in a practical sequence. In order to help the user understand how 
the methodology can be applied, a set of examples was provided, ranging from a very 
simple well and drinking water scenario, to complex consideration of the different ways 
that contaminated groundwater might interact with the biosphere via the geosphere-
biosphere interface in a valley, and the subsequent radionuclide migration and 
accumulation in a series of ecosystems. Different scenarios for exposure groups were 
developed for how humans might live within and exploit the different ecosystems. 
Aspects and extensions of the BIOMASS methodology have been used in a range of 
repository assessments, for example in France (ANDRA 2005), Canada (NWMO 2009, 
2011), the USA (EPRI 2009, Smith & Kozak 2011) and the UK (NDA 2010). 

One aspect of the BIOMASS reference biosphere methodology that was not fully 
demonstrated was the quantitative consideration of climate change. Important questions 
include: what change will occur, when, and how will it affect biosphere systems in a 
particular region, as opposed to globally. The European Commission therefore set up an 
international project called BIOCLIM, to consider the climate change and its effects on 
a biosphere system. The final deliverable (ANDRA 2004) set out the development and 
application of a methodology for taking climate-driven environmental change into 
account in biosphere assessment scenarios. Here it was noted that in biosphere 
modelling, it is generally assumed that ecosystems are in equilibrium in response to the 
modelled stationary climate conditions. Consideration of transition phases between 
stationary climates, however, could be of importance, as they might result in higher 
releases. The implications of adopting dynamic and equilibrium assumptions for 
biosphere scenarios are among the issues being considered in Working Group 3 of the 
IAEA’s on-going EMRAS II programme, on assessment methods for solid radioactive 
waste disposal. 

Since the completion of the BIOMASS methodology, international progress with more 
detailed aspects of biosphere scenario analysis has continued within the BIOPROTA 
Forum. This work has included focused consideration of the key uncertainties 
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associated with radionuclides commonly identified as important for the long-term safety 
of geological repositories, such as C-14, Cl-36 and Se-79. This has included further 
consideration of FEP lists relevant to each of those critical radionuclides within the 
context of the more commonly encountered biosphere systems and scenarios. Another 
new feature has been application of biosphere system descriptions and scenarios to the 
assessment of radiological impacts on non-human biota.  A substantial series of reports 
describing this work, prepared with wide international input and review, has been made 
available, via www.bioprota.org. Posiva has been a substantial participant in both the 
BIOPROTA Forum and its projects, and in the EMRAS II waste disposal working 
group, drawing benefit from other agency experience in biosphere scenario 
development. 

It is acknowledged that scenario formulation methodologies have been developed for 
fields other than nuclear waste disposal, and especially for policy development 
strategies (e.g. Kahn & Wiener 1967, Kosow & Gaßner 2008, Durance & Godet 2010). 
In the field of geological sequestration of CO2, scenario methodologies have been 
formulated based mostly on the ones for nuclear waste disposal (e.g. Quintessa 2010, 
Wang et al. 2010).  

As previously stated, there is no single approach to scenario formulation, but for the 
scenarios to be useful they need to be at least relevant to the purpose, coherent (i.e. 
internally consistent), and transparent. The experience from past safety assessments has 
shown that, in general, a small number of scenarios is enough to cover the most 
probable futures. 

2.4 Constraints and concepts for the formulation of scenarios   

This section explains the constraints, concepts and main assumptions used in the 
formulation of scenarios. The scenarios themselves are extensively described in 
Chapters 5 and 6. For the sake of clarity, the principles for the repository system and for 
the surface environment are presented separately. 

The repository system 
The formulation of scenarios is constrained by the Government Decree VNA 736 (GD 
736/2008) and STUK’s draft Guide YVL D.5 (STUK 2011) as follows: 

GD 736/2008, Chapter 1, Section 2 and definitions “13) expected evolution scenario 
shall refer to such change affecting the performance of the barriers that has a high 
probability of causing radiation exposure during the assessment period and which can 
be caused by interactions occurring in the disposal facility, by geological or climatic 
phenomena or by human action; and 14) unlikely events impairing long-term safety 
shall refer to such potential events significantly affecting the performance of the barriers 
that have a low probability of causing radiation exposure during the assessment period 
and which can be caused by geological phenomena or by human action.” 

According to these definitions, the base and variant scenarios as defined in Guide YVL 
D.5 belong to the expected evolution taking into account the uncertainties highlighted in 
Performance Assessment, and the disturbance scenarios take into account unlikely 
events impairing long-term safety (see Figure 2-1). 



36 

 

Guide YVL D.5, Appendix 1 A1.4 states: …“The scenarios shall be systematically 
constructed from features, events and processes which may be of importance to long-
term safety and which may arise from 

- interactions within the disposal system, caused by radiological, mechanical, thermal, 
hydrological, chemical, biological or radiation induced phenomena 

- external factors, such as climate changes, geological processes or human actions.”   

The scenarios, as explained above (Sections 1.2 and 2.2) are constructed from FEPs 
taking them systematically into account to check when, where and how the safety 
functions of each of the components in the repository system might be affected. 

Also, it must be noted that both the requirements about scenarios in the Government 
Decree VNA 736 (GD 736/2008) and in STUK’s draft Guide YVL D.5 follow the 
general safety requirements in the IAEA Safety Standard Series No. GSR Part 4 (see 
4.51 and 4.59 in IAEA 2009), No. SSG-14 (see 5.12 to 5.15, II.4, II.12 and II.32 to II.34 
in IAEA 2011) and No. SSG-23 (see 5-36 to 5.44 in IAEA 2012). 

The technical compliance with the design requirements (see Production Line reports 
and Description of the Disposal System), which will influence the evolution of the 
system is another constraint to be taken into account in formulating the scenarios.  

In fact, the scenarios are the result of the interplay between the initial state of the 
disposal system (see Description of the Disposal System), the FEPs affecting it, and 
assessments of the performance4 of the system over time (see Figure 2-2); Moreover, in 
formulating the scenarios the experience gained in previous safety assessments, and the 
improvements in knowledge on technical capabilities and of the site, are taken into 
account while continuing to keep in mind the regulations given by STUK and by the 
Government (see Figure 2-3): 

                                                 

4 Note that, in this context,  assessment of the performance is done to identify potential failures of the safety functions of the barriers 
and NOT to assess radiological consequences. 
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Figure 2-2. Release scenarios take into account the initial conditions of the disposal 
system (see Description of the Disposal System, the FEPs affecting it, and assessment of 
the performance of the system over time. (Note that the evolution of the repository 
system is dealt with in the Performance Assessment).  

 

Figure 2-3. Starting points for release scenario formulation following the expected 
lines of evolution and unlikely events, according to regulatory and government 
guidance.  
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The surface environment 
The formulation of scenarios for the surface environment is striving for consistency 
with the regulatory requirements, the methodology used in the formulation of scenarios 
for the repository system, and the current radiation protection systems for humans and 
the environment. The concepts used to achieve this are strongly influenced by the 
regulatory framework, implying that consideration of this is the first step in the 
methodology (Section 2.5). Of special importance are the following statements in Guide 
YVL D.5 (STUK 2011), which, besides Appendix 1 A1.4 mentioned above, poses 
important limitations on the scenarios; the key words and phrases are underlined.   

YVL D.5 306 states: “Disposal of nuclear waste shall be planned so that as a 
consequence of expected evolution scenarios: 1) the annual dose to the most exposed 
people shall remain below the value of 0.1 mSv, and 2) the average annual doses to 
other people shall remain insignificantly low. These constraints are applicable in an 
assessment period, during which the radiation exposure of humans can be assessed with 
sufficient reliability, and which shall extend at a minimum over several millennia (GD 
736/2008)”. 
 
YVL D.5 307 states: “In applying the dose constraints, such environmental changes 
need to be considered that arise from changes in ground level in relation to sea. The 
climate type as well as the human habits, nutritional needs and metabolism can be 
assumed to remain unchanged.” 
 
YVL D.5 317 states: “Disposal shall not affect detrimentally to species of fauna and 
flora. This shall be demonstrated by assessing …assuming the present kind of living 
populations.” 
 
YVL D.5, Appendix 1 A1.4 states: …“The scenarios shall be systematically 
constructed from features, events and processes which may be of importance to long-
term safety and which may arise from 

- interactions within the disposal system, caused by radiological, mechanical, 
thermal, hydrological, chemical, biological or radiation induced phenomena; 

- external factors, such as climate changes, geological processes or human actions.”  

These four paragraphs from the Guide YVL D.5 (STUK 2011) set the stage for the 
surface environment scenarios. The concepts relevant for this report are discussed 
below. Before introducing the concepts, a remark on the last of the four excerpts above 
is appropriate. The regulations state that human actions are to be regarded as external 
factors to the disposal system. Posiva understands this as all human actions being 
external factors to the repository system, but that this is not the case in the surface 
environment. The evolution of the surface environment, the fate of radionuclides 
released into it and the exposure of humans, plants and animals are strongly coupled 
with human actions, especially how humans utilise the site and its resources. Hence, 
some human actions are regarded as interactions within the disposal system, such as 
agricultural practices (cf.  Features, Events and Processes). 

Dose assessment time window. The regulations require that the dose assessment shall be 
carried out when it can be performed with sufficient reliability and that it shall extend at 
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a minimum over several millennia. Uncertainties in predicting the behaviour of future 
human generations will rapidly increase with time; a reliable prediction beyond just a 
few generations would be difficult to make. However, the regulations state (Guide YVL 
D.5, 307) that human habits, nutritional needs and metabolism may be assumed to 
remain unchanged when deriving radiation dose estimates for compliance assessment. 
The position of Posiva is that it is appropriate to assume that present-day conditions, 
such as those relating to land use and demographic data, can be applied throughout the 
whole dose assessment period. This limitation on changes in the behaviour of future 
human generations leads to the judgement that the dose assessment can be considered to 
be performed with sufficient reliability until the conditions of the surface environment 
due to natural development are no longer sufficiently reliably predicted. Uncertainties in 
predicting the conditions of the natural development of the surface environment, 
especially in the prediction of land formation, will increase with time. The position of 
Posiva is that these predictions are sufficiently reliable for the purpose of a prospective 
dose assessment for up to ten millennia. Hence, Posiva judges that assessing radiation 
doses to humans can be performed with sufficient reliability in the period up to 10 000 
years after disposal of the first waste canister in the repository. 

Credible lines of evolution. Posiva strives to identify the most likely line of evolution 
for natural FEPs to as large an extent as possible. However, it is the view of Posiva that 
it is not feasible to identify either expected evolution scenarios or all of the possible 
lines of evolution for the entire surface environment; this is mainly due to the inherent 
unpredictability of future human activities. Instead of attempting to formulate expected 
evolution scenarios for the surface environment, Posiva understands the radiation dose 
constraints to apply to evolution scenarios spanning a reasonable range of potential 
future situations and based on credible lines of evolution. The biosphere assessment 
benefits, for consistency reasons, from applying the scenario types in Section 2.2, but 
also by accounting for how reasonable different lines of evolution appear to be. This 
approach is consistent with the approach suggested in IAEA (2003). In practice, a 
credible line of evolution of the surface environment may be a mix of three subtypes of 
FEPs, as follows: 

1. Most likely lines of evolution for natural FEPs, such as crustal uplift; 

2. Stylised lines of evolution for human action FEPs, such as that current human 
habits, nutritional needs and metabolism remains unchanged; 

3. Conditional most likely lines of evolution for FEPs, for example the cultivation of 
arable land is based on the expected evolution of the soil suitable for cultivation, 
under the assumption that humans will exercise the same agricultural practices as 
today. 

Radiation impact target. The surface environment does not have, and cannot have, 
safety functions or performance targets; hence, scenarios cannot be straightforwardly 
classified as being the base scenario or variant scenarios as defined by the regulator. 
Posiva has adopted a concept for the surface environment that resembles the concept of 
performance targets and safety functions for the repository system. The ‘target’ for the 
surface environment may be perceived as a health-based target related to radiation 
impacts on humans, plants and animals. To be able to assess this impact, consistency 
with present-day radiation protection systems is essential. Thus, the lines of evolution 
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underlying the scenarios for the surface environment should give rise to a range of 
exposure situations similar to the range of situations that would be considered in 
assessing the radiological impacts of present-day discharges of radionuclides to 
corresponding types of environment. Coincidently, this is in line with the regulatory 
recommendations that when applying the dose constraints, the human habits, nutritional 
needs and metabolism can be assumed to remain unchanged (Guide YVL D.5 
paragraph 307). 

Scenario drivers. To evaluate how the surface environment influences radiation impacts 
on humans, plants and animals, a set of scenario drivers is identified based on their 
potential effects on the evolution of the surface environment, fate of radionuclides in the 
surface environment and/or influence on the radiation exposures of humans, plants and 
animals. These scenario drivers are typically aggregated FEPs (FEP groups, FEP 
classes), such as land use or human actions. For each scenario driver, a set of individual 
FEPs may be identified, for example land use may comprise FEPs such as agriculture 
and forest management.   

 
To conclude, the biosphere assessment methodology adopts credible lines of evolution 
in relation to a radiation impact target and applies scenario drivers. This is, in Posiva’s 
view, a reasonable extension of the regulatory prescribed concept of most likely lines of 
evolution in relation to performance targets and safety functions in order to facilitate a 
systematic formulation of surface environment scenarios. How this is implemented is 
addressed in the following chapters. 

2.5 Methodology for scenario formulation 

The repository system 
Posiva’s methodology for scenario formulation relating to the repository system follows 
a top-down approach in first identifying the safety functions that are required of the 
repository system, then considering the effects of single FEPs or combinations of FEPs 
on those functions to check that the scenarios are comprehensive (see Chapter 9), and 
also to evaluate the effects of uncertainties within the expected lines of evolution. It is 
also based on the regulatory framework mentioned above and can be summarised as 
follows: 

 The regulatory framework is taken into account; it is prescriptive in terminology 
and definitions.  

 The safety functions for each of the repository system components are defined and 
a range of values for acceptable characteristics of those components (performance 
targets/target properties) is given whenever possible (see Table 1-1 in this report 
and Design Basis for further details).  

 FEPs that could adversely affect one or more safety functions at a given time or 
place or under specific conditions within the repository are identified (i.e. FEPs that 
are scenario drivers within the evolution of the repository system in time and space; 
see Performance Assessment). 
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 The effects of uncertainties in the expected evolution of the repository system are 
taken into account (see Performance Assessment). 

 Thus, lines of evolution that describe the evolution of the repository system and 
ultimately lead to canister breaching, form the basis for the definition of 
radionuclide release scenarios. Each line of evolution is then classified using 
STUK’s scenario terminology (Section 2.2).  

 For each of the scenarios a set of calculation cases is defined to analyse the 
potential radiological impacts. The calculation cases take into account uncertainties 
in the assumptions and data through variations in the models and parameter values 
(see Chapters 7 and 8). 

The most important evolution-related FEPs (see Features, Events and Processes) that 
may affect the safety functions of the repository system during its evolution, and thus 
affect also migration-related FEPs, have been taken into account in analysing and 
describing the normal or expected evolution in Performance Assessment.  Climate 
evolution (Chapter 4) is the overarching FEP affecting the whole disposal system.  

Because the performance of the whole repository needs to be taken into account, the 
description of the evolution starts from the geosphere (incorporating the consequences 
of climate evolution) and proceeds through the EBS to estimate the state of the canisters 
due to the evolving conditions in the buffer surrounding the canisters and in the backfill 
in the deposition tunnels (see Chapters 5 to 7 in Performance Assessment). 

In the expected evolution, the safety function of the canister(s) holds for hundreds of 
thousands of years (see Chapters 5 to 7 in Performance Assessment) and no releases 
would occur within the time window corresponding to the first several millennia. 
Nonetheless, according to regulations (GD 736/2008), a base scenario needs to be 
defined with a high probability of causing radiation exposure, but of low consequences. 

Therefore, the base scenario is defined as the one leading to radionuclide releases driven 
by the incidental deviation of introducing into the repository one or a few canisters with 
an initial penetrating defect, whereas the safety functions of all the other canisters and 
of all the other repository system components are expected to be maintained over the 
assessment time as shown in Performance Assessment. The uncertainties in the potential 
effects of the considered FEPs on the safety functions of components other than the 
canister that are discussed in Chapter 8 of that report are taken into account in 
formulating variant and disturbance scenarios (see Chapter 3 and 5 in this report). 
Complementary cases are defined to add comprehensiveness to the scenario analysis 
and disposal system performance assessment.  
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The surface environment 
Formulation of scenarios for the surface environment must be consistent with the 
regulatory requirements, the methodology used in the formulation of scenarios for the 
repository system, and the current radiation protection systems for humans and the 
environment. Posiva’s methodology for scenario formulation for the surface 
environment is somewhat different from that for the repository system, since the surface 
environment has no safety functions. Instead of identifying FEPs that could adversely 
affect one or more safety functions, the scenario formulation for the surface 
environment is based on identifying FEPs that may affect the evolution of the surface 
environment, fate of radionuclides in the surface environment and/or the potential 
radiation exposure of humans, plants and animals. The regulatory framework is also 
taken into account, mainly by coupling the scenario formulation to the dose constraints 
for humans (GD 736/2008 Section 4: “Disposal of nuclear waste shall be planned so 
that radiation impacts arising as a consequence of expected evolution scenarios will not 
exceed the constraints”), for which  it is stated in YVL D.5 paragraph 307: “In applying 
the dose constraints, such environmental changes needs to be considered that arise 
from changes in the ground level in relation to sea. The climate type as well as the 
human habits, nutritional needs and metabolism can be assumed to remain 
unchanged5”). Thus, Posiva’s methodology for formulating surface environment 
scenarios can be summarised as follows:  

 Constraints on the scenarios arising from the regulatory framework are identified. 

 The most important scenario drivers, i.e. key scenario drivers, with respect to the 
evolution of the surface environment, fate of radionuclides in the surface 
environment and/or the radiation exposure of humans, plants and animals are 
identified. This work also comprises identifying FEPs that are coupled to the key 
drivers, either in isolation or combined, and could induce changes in a timeline of 
evolution.  

 One or several lines of evolution are defined that describe in timelines the surface 
environment evolution from which one or more scenarios are formulated. One 
credible line of evolution is identified and used to formulate the base scenario for the 
surface environment.  

 Variant scenarios are formulated, mainly by considering reasonable deviations from 
the lines of evolution underpinning the base scenario. Variant scenarios can include 
additional scenario drivers with a potentially significant effect on the fate of 
radionuclides in the surface environment and/or the radiation exposure of humans, 
plants and animals.  

  

                                                 

5 Especially human habits is a very dynamic group of FEPs that likely change rapidly with time. Posiva interprets the term 
unchanged as: ‘credible human habits for the time window when the dose constraints apply are how humans have behaved in the 
recent few years’. Furthermore, changes in how humans have behaved over the recent couple of decades are used to captures the 
uncertainties. 
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 Disturbance scenarios are formulated, mainly by identifying unlikely FEPs or by 
considering unlikely deviations from the lines of evolution underpinning the base 
scenario. Disturbance scenarios can include additional scenario drivers with a 
potentially significant effect on the fate of radionuclides in the surface environment 
and/or the radiation exposure of humans, plants and animals.  

 A set of biosphere calculation cases is defined to analyse the surface environment 
scenarios. These cases take into account uncertainties in assumptions and models, 
and the uncertainties and variability in parameter values applied in the models. 

It should be stressed that the FEPs identified and discussed in this report are not all the 
FEPs important for the outcome of the biosphere assessment (cf. the list of FEPs in 
Chapter 9 in Features, Events and Processes). The FEPs identified and discussed in this 
report are limited to FEPs that it has been judged necessary to address to obtain a 
comprehensive set of scenarios for the surface environment. 
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3 OVERVIEW OF SCENARIOS 

This Chapter gives an overview of the main assumptions used in formulating the 
radionuclide release scenarios. The scenarios themselves are extensively described in 
Chapters 5 and 6. 

3.1 The base scenario  

Base scenario for the repository system  
As discussed previously, the formulation of scenarios is underpinned by STUK’s Guide 
YVL D.5, although to start systematically to classify lines of evolution and calculation 
cases under the corresponding hierarchical level of scenarios, STUK’s Guide YVL 2.1 
is also taken into account. 

In accord with STUK’s Guide YVL 2.1, the components of the multi-barrier 
(engineered and natural) system are subject to safety classification (SC). The spent 
nuclear fuel has the highest class SC_1. Following STUK’s recommendations in the 
review letter H222/7, class SC_2 has been assigned to the canister and SC_3 to the 
buffer bentonite. The assignment of a safety class to other components is still under 
consideration. It must be noted that no safety function is assigned to the spent nuclear 
fuel, as it is the component to be safely contained and isolated by the other repository 
system barrier components. Also, it must be noted that the surface environment is not 
assigned any safety class nor does it have any safety function. The surface environment 
is the component of the disposal system that the spent nuclear fuel in the repository is 
isolated from, since it is where potential radiological impacts on humans, plants and 
animals may occur. 

The top level safety function of the repository system (i.e. common to all the multi-
barrier system components) is isolation and that of the canister is containment. Thus, 
when considering that most of the canisters (> 99.8% of the total) can be technically 
manufactured as designed without any initial penetrating defect (Holmberg & Kuusela 
2011), the most plausible process leading to multiple canister failures is corrosion (see 
Performance Assessment). What the corroding agents might be (e.g. sulphide, oxygen), 
their availability and at what rate they act will depend on the line of evolution and time 
window under consideration (i.e. they will depend on the state of the other barriers in 
time and space). The probability of having one canister with an undetected penetrating 
defect of ≤ 0.5 mm diameter (Holmberg & Kuusela 2011) is very small. The assumption 
of one canister with an initial penetrating defect, thus deviating from the target value set 
for the canister safety function (see Design Basis, Section 7.1.2.1), is stated to be an 
incidental deviation that acts as the main driver for the base scenario, whereas the 
performance targets for most of the canisters and of all the other repository components 
are expected to hold. The uncertainties in the potential effects of other FEPs (e.g. 
corrosion, degradation, rock shear) on the safety functions of the canister and other 
repository system components are taken into account in formulating variant and 
disturbance scenarios (see the remainder of Chapter 3 and Chapter 5 in this report). 

Within the base scenario, it is assumed that the deposition tunnels and holes have been 
positioned and excavated successfully by applying the Rock Suitability Classification 
(RSC) criteria (McEwen et al. 2013); this implies that during the disposal system 



46 

 

evolution, 1) there will be a very low probability of possible earthquakes leading to rock 
shear displacements along existing fractures or discontinuities that could damage the 
engineered barrier system in the selected deposition holes and 2) the evolving 
hydrogeological, hydrogeochemical, and mechanical conditions will not impair the 
safety functions of the buffer, backfill, closure  or host rock.  The assumptions regarding 
the EBS and host rock are shown in Table 3-1.  

It has been shown in Performance Assessment (Ch. 6), that the performance 
targets/target properties hold at least during the first millennia for the entire repository 
system. The exception is the incidental deviation of one or a few canisters with an initial 
penetrating defect, placed in a position or positions that may lead to radionuclide 
releases to the surface environment within the first millennia and this is dealt with in the 
base scenario. 

There is substantial uncertainty in the radiological outcome of the base scenario arising 
from the location of the defective canister. To analyse this case, the canister position 
that may lead to radionuclide releases to a discharge location or locations in the surface 
environment within the first millennia has been selected from a chosen discrete fracture 
network (DFN) realisation, as the values that would be assigned to cautiously selected 
flow-related parameters have been shown not to vary greatly between DFN realisations 
(see Section 8.2 in the Assessment of Radionuclide Release Scenarios for the Repository 
System). It must be noted that in making this selection, the entire repository and all its 
hydraulic features in the host rock are taken into account. The dominant groundwater 
type at the time radionuclides are assumed to be released is, according to deep 
groundwater sample analysis from site investigations and from groundwater flow 
modelling results (Löfman & Karvonen 2012), brackish water. Radiological impacts of 
multiple canister failures might or might not coincide spatially and temporally (be 
additive) depending on location and timing of release to the surface environment. 

Base scenario for the surface environment 
The surface environment scenarios are formulated independently from those for the 
repository system and are limited to the time window covering the first ten millennia 
after emplacement of the first waste canister. The base scenario for the surface 
environment is formulated bearing in mind that this time window is relatively short 
compared with the whole assessment time frame. The base scenario and its main 
features are briefly summarised below (see Chapter 6 for more details), following the 
methodology presented in Section 2.6.  

1. Constraints on the scenarios arising from the regulatory framework are identified.  

Key statements in the regulations are that the environmental changes due to changes 
in ground level in relation to sea should be considered, and that climate type as well 
as the human habits can be assumed to remain unchanged (Guide YVL D.5 
paragraph 307). Posiva judges that it is appropriate to assume the current climate 
type in the region of the Olkiluoto site in the scenario formulation. Furthermore, 
Posiva judges that it is proper to assume present-day demographic data and human 
habits, such as number of inhabitants in the region and land use, in the scenario 
formulation. The past development of the climatic and surface environmental 
conditions, focusing on the time span since the last deglaciation until present and 
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current conditions in the region of the Olkiluoto site are presented in Section 2.1 of 
the Biosphere Description. The current behaviour of people in the region of the 
Olkiluoto site is presented in Chapter 3 of the Biosphere Description. This forms the 
knowledge basis especially on land uses and exposure pathways to people. 
Furthermore, the regulations state (Guide YVL D.5 paragraph 317) that the 
assessment of radiation exposures of flora and fauna shall assume that living 
terrestrial and aquatic populations in the disposal site environment are the same as at 
present. Posiva interprets this as making it appropriate to identify a set of 
representative species based on present-day conditions at the Olkiluoto site and in the 
region. This is discussed in details in Dose Assessment for Plants and Animals. 

2. The most important scenario drivers, i.e. key scenarios drivers, with respect to the 
evolution of the surface environment, fate of radionuclides in the surface environment 
and/or the radiation exposure of humans, plants and animals are identified. 

The main FEPs assumed to drive the scenario formulation are associated with the 
evolution of the natural environment, the climate and how humans behave, especially 
how the land is utilised. Two key scenario drivers are identified: sea-level change 
(local) and land use. 

The key driver sea-level change (local) is a FEP affected by several other FEPs. The 
FEPs identified to have the strongest influence on the sea-level change at the 
Olkiluoto site are climate evolution (Features, Events and Processes, Section 10.2.1) 
and land uplift and depression (Features, Events and Processes, Section 10.2.4).  

The key driver land use is an aggregated FEP (FEP group, FEP class) comprising a 
wide range of individual FEPs related to how humans behave. The FEPs regarding 
land use at the Olkiluoto site identified to be most important in the scenario 
formulation are crop type, irrigation procedures and livestock (all three addressed in 
Features, Events and Processes, Section 9.2.4), forest and peatland management 
(Features, Events and Processes, Section 9.2.5), construction of a well (Features, 
Events and Processes, Section 9.2.30) and demographics (Features, Events and 
Processes, Section 9.2.33).  

3. One or several lines of evolution are defined that describe in a timeline the surface 
environment evolution from which one or more scenarios are formulated. One credible 
line of evolution is identified and used to formulate the base scenario for the surface 
environment.  

The line of evolution selected for the base scenario for the key driver sea-level 
change (local) is based on that the climate is assumed to be similar to that of present-
day climate during the dose assessment time window (i.e. first 10,000 years after 
disposal). The present-day conditions are based on site-specific climate records for 
recent years. The land uplift is assumed to follow arctangent functions fitted to the 
dated past shore-level observations in the region (Vuorela et al. 2009). 

The assumptions related to the line of evolution, during the doses assessment time 
window, selected for the base scenario for the key driver land use can be summarised 
as follows (see also Table 3-1): 
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 Crop type. The amount of land allocated to a particular crop type is based on a 
representative mix of the present-day regional production of crops.  

 Irrigation procedures. The irrigation procedures, encompassing irrigation 
technique and types of crops economically viable for irrigation, at the site and in 
the region, constitute a representative situation for present-day practices.  

 Livestock. The mix and husbandry of livestock in the region is representative of 
present-day production of food from animals, limited to products from cattle, pigs 
and sheep. 

 Forest and peatland management. The forests are managed mainly for economic 
purposes, within the range of present-day practice where the needs from the 
forestry industry act as the main driving force. The peatlands are also managed 
within the range of present-day practice. Most extensive peat volumes are 
harvested for fuel unless protected, and forestry use is common. 

 Construction of a well. Wells are assumed to be used only for extracting 
household water. The number of wells constructed in the bedrock or dug in the 
overburden locally at or near the Olkiluoto site is consistent with the present-day 
average well density in south-western Finland. 

 Demographics. The region (including the disposal site) is a sparsely populated 
rural area, with the population located in a scattered pattern. 

It is noted that the FEPs addressed above are mainly those with identified alternative 
lines of evolution for the key drivers primarily addressed when formulating variant and 
disturbance scenarios. More FEPs are taken into account both in the detailed 
formulation of the base scenario (Section 6.1), the variant scenarios (Sections 3.2 
and 6.2) and disturbance scenarios (Sections 3.3 and 6.3), and subsequently when 
defining the calculation case(s) to analyse within the base scenario (Chapter 8). 
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Table 3-1. Assumptions for the base scenario.  
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Sea-level 
change (local) 

Land uplift – extrapolating empirical fitting to past shore level 
displacement data; Climate evolution – static climate stage, 
corresponding to recent time average. 

Land use Crop type – representative mix of present-day regional 
production; Irrigation procedures – representative situation 
for present-day practice; Livestock – representative mix of 
present-day food production; Forest and peatland 
management – present-day practice; Construction of a well 
– drinking water wells, representative situation for present-
day practice; Demographics – sparsely populated rural area. 
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Rock mass RSC criteria are applied successfully – target properties are 
satisfied during the evolution. 

Groundwater Limited advection or inflows to repository level (i.e. no high-
flow-driven damage to deposition tunnel backfill and buffer in 
the deposition hole).  

No adverse chemistry that could damage, at least not within 
the first several millennia, the safety functions of the 
canister, buffer and backfill. 
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Closure Closure plugs and backfill (i.e. sealing structures) are 
designed and emplaced according to requirements, and 
performance targets are fulfilled during their evolution.  

Backfill Deposition tunnel backfill and plugs are designed and 
emplaced according to requirements. Their performance 
targets are fulfilled during their evolution.  

Buffer The buffer is designed and emplaced according to 
requirements. The buffer performance targets are fulfilled 
during its evolution. 

Canister The canister is designed, manufactured and emplaced 
according to requirements; the incidental deviation of 
emplacing one canister with an initial penetrating defect of 
1.0 mm diameter is taken into account. Defect dimensions 
are assumed constant over time. 

Spent nuclear fuel + 
cladding 

Very slow dissolution; no requirements or safety function in 
itself. 
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3.2 Variant scenarios 

As discussed in Chapter 2, variant scenarios for the repository system correspond to the 
most likely lines of evolution, but with substantially degraded performance of safety 
functions. Variant scenarios for the surface environment mainly consider alternative 
lines of evolution as a result of reasonable variations of the FEPs that are coupled to the 
key scenario drivers. Furthermore, scenario drivers other than the key drivers, denoted 
additional drivers may be introduced in variant scenarios for the surface environment. 
The variant scenarios formulated for the repository system and surface environment are 
summarised below, and discussed in detail in Sections 5.2 and 6.2, respectively. 

Variant scenarios for the repository system  
The lines of evolution where the safety functions of barriers other than the canister are 
assumed to be impaired are considered under variant scenarios. In these scenarios, the 
combined effect of the degraded performance of more than one safety function is taken 
into account. Thus, the systematic combination of the degraded performance mainly of 
the canister and the buffer, the two components with the highest safety classification, 
along with plausible variations in groundwater flow and composition are discussed 
accordingly. The degraded performance of the closure components is taken into account 
in the various DFN realisations used to analyse the performance of the repository (see 
Sections 5.1, 6.1, 7.1 in Performance Assessment and Hartley et al. 2013a).   

In the degraded performance of the canister, one defective canister either with an initial 
penetrating defect or any other manufacturing defect (e.g. thinner wall, tiny cracks, 
surface roughness, etc.) that may speed failure by corrosion is assumed. 

The safety functions of the buffer (see Design Basis) are to protect the canister from 
detrimental processes and, in the event of canister failure, to limit and retard 
radionuclide releases. The state of the buffer and its behaviour will depend, not only on 
the heat radiated from the canisters, but also on the evolving processes in the backfill 
and geosphere, some of which are, at some periods, dependent on external conditions 
(i.e. climate evolution, Chapter 4 in this report; see also Chapters 5 to 7 in Performance 
Assessment).  Thus, in the degraded performance of the buffer, it is assumed that it has 
been affected at least partially by mechanical and/or chemical processes (e.g. piping and 
erosion, interaction with cementitious high pH leachates, cementation) driven either by 
thermal gradients and/or groundwater flow and chemistry. 

In the degraded performance of the backfill, it may be assumed that it has been affected 
at least partially by, either mechanical, or chemical processes driven by groundwater 
flow and chemistry.    

Uncertainties in the type of canister, in particular, the characteristics of the fuel that it 
contains, the size and evolution of the canister defect, the extent to which bentonite 
buffer and backfill are affected, and the time of possible radionuclide releases are taken 
into account in the definition of calculation cases within the scenario/s formulated (see 
Chapters 5 and 7 in this report). 

Summarising, variant scenarios consider, besides defective canister/s (penetrating defect 
or thinner walls), the uncertainties in the state of the other barriers (i.e. buffer, backfill, 
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bedrock in the near- and far-field) in time and space (i.e. throughout repository system 
evolution) as being affected by various FEPs during the evolution of the disposal 
system.  

Variant scenarios for the surface environment  
Following the methodology in Section 2.5, variant scenarios for the surface 
environment are based on alternative credible lines of evolution arising from reasonable 
variations of the FEPs that are coupled to the key drivers. Consideration has also been 
given to additional scenario drivers. The variant scenarios are listed in Table 3-2 and 
further elaborated in Section 6.2. 

Table 3-2. Variant scenarios identified for the surface environment, the drivers that the 
scenarios address and the most important FEPs in terms of  uncertainties that affect the 
drivers. The numbers in parenthesis after the FEP name in the last column relate to the 
FEP numbers in Features, Events and Processes. 

Variant scenario  Scenario driver(s) FEPs 

VS(A) Discharge locations to 
the surface environment 

Discharge locations Defective canister location in the 
repository layout (a) 

VS(B) Sea-level change Sea-level change (local) Climate evolution (10.2.1) 

VS(C) Land use (agriculture) Land use Agriculture and aquaculture (9.2.4) 

VS(D) Land use (well) Land use Construction of a well  (9.2.29), 
Well (9.2.30) 

VS(E) Route of radionuclide 
transport 

Element migration and 
accumulation 

Alternative radionuclide transport 
routes in biosphere terrestrial and 
aquatic compartments affect a 
number of terrestrial and aquatic 
processes 

VS(F) Exposure characteristics Human habits Dietary profile (9.2.3) 

VS(G) Combined scenario Sea-level change (local) 
Land use 

Agriculture and aquaculture (9.2.4),
Climate evolution (10.2.1), Land 
uplift and depression (10.2.4) 

(a) See BS-LOC1 and BS-LOC2 in Assessment of Radionuclide Release Scenarios for the Repository 
System, Section 8.1.  

 

3.3 Disturbance scenarios 

In the disturbance scenarios, the safety functions of the repository system components 
are assumed to be impaired by unlikely events and processes. In the surface 
environment, unlikely FEPs and lines of evolution with a potentially significant effect 
on the fate of radionuclides in the surface environment and/or the radiation exposures of 
humans, plants and animals are considered. 

Disturbance scenarios for the repository system 
According to STUK’s Guide YVL D.5, disturbance scenarios shall be constructed for 
the analysis of unlikely events impairing long-term safety. Within this context, unlikely 
events at the Olkiluoto site and adjacent areas are those with a low annual likelihood of 
occurrence, where the time of occurrence is unpredictable, or where the occurrence in 
general has not been observed at the site itself or at analogous sites, or those that can be 
prevented by adherence to strict quality control (QC) measures. Events with a low 
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annual likelihood of occurrence and where the time of occurrence is unpredictable 
include large earthquakes that could induce rock shear movements at repository depth 
impairing the containment function of the canister, and human activities that could 
directly connect the repository system with the surface environment, such as inadvertent 
human intrusion (see Section 6.3). Events and processes with low annual likelihood, the 
occurrence or consequences of which have not been observed at repository depth at the 
site are e.g. the penetration of large amounts of glacial melt waters (dilute or not) to 
extended areas at the repository depth.  

The events and processes that can be prevented through strict quality assurance (QA) 
and quality control (QC) procedures are e.g. mishaps in the emplacement of the buffer, 
backfill and closure components. These kinds of events and processes are however 
disregarded in this report, in anticipation that there will be rigorous adherence by Posiva 
to strict QA and QC measures and because of the small radiological consequences of 
such mishaps that have been analysed in previous safety assessments (see e.g. TILA-99 
(Vieno & Nordman 1999) and RNT-2008 (Nykyri et al. 2008)). It has been shown that 
the scenarios driven by such mishaps overlap the scenarios driven by processes that are 
included in the definition of calculation cases. 

Disturbance scenarios for the surface environment 
Following the methodology in Section 2.5, unlikely FEPs and lines of evolution with a 
potentially significant effect on the fate of radionuclides in the surface environment 
and/or the radiation exposures of humans, plants and animals are identified and used to 
formulate disturbance scenarios. The identified disturbance scenarios are listed in 
Table 3-3 and further elaborated in Section 7.3. 

Table 3-3. Disturbance scenarios identified for the surface environment, the drivers that 
the scenarios address and the most important FEPs in terms of uncertainties that affect 
the drivers. The numbers in parenthesis after the FEP name in the last column relate to 
the FEP numbers in Features, Events and Processes. 

Disturbance  scenario  Scenario driver FEPs 

DS(A) Sea-level change Sea-level change (local) 
 

Climate evolution (10.2.1) 
 

DS(B) Land use (agriculture) Land use 
 

Agriculture and aquaculture (9.2.4) 
 

DS(C) River direction Human actions Dredging 
DS(D) Exposure characteristics Biotope occupancy Habitats 
DS(E) Combined scenario Sea-level change (local) 

Land use 
Agriculture and aquaculture (9.2.4), 
Climate evolution (10.2.1), Land 
uplift and depression (10.2.4) 

DS(F) Inadvertent Human 
Intrusion 

Human actions Inadvertent human intrusion 
(10.2.5) 
Exposure from radiation sources 
(9.2.27) 

DS(G) Deep  well Land use Construction of a well  (9.2.29), 
Well (9.2.30) 
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4 CLIMATE EVOLUTION FRAMING THE SCENARIOS 

The long-term safety of the disposal system will be influenced by climate changes 
during its evolution. As stated in Section 2.2.2, the climatic evolution gives the time 
windows for which climate-driven processes in the disposal system may be effective in 
both, adversely impacting isolation and enhancing radionuclide transport. Climate 
evolution scenarios for the Olkiluoto area have been formulated elsewhere for the next 
millennia and for the next 120,000 years (see Pimenoff et al. 2011, 2012). Here the 
selection of the climatic evolution lines to be used in the formulation of scenarios is 
explained on the basis of those reports.   

It must be noted that uncertainty in the forecast of future climate evolution increases 
with time and for the purpose of this report it is assumed that during the next million 
years, a repetition of a glacial cycle6 similar to the last one will occur eight times. As 
noted previously this is a simplistic assumption. The use of the last glacial cycle is 
based on the much more evidence (proxy data) for the detailed characteristics of that 
cycle than of earlier cycles. 

4.1 Climate evolution during the first millennia 

In the report by Pimenoff et al. (2012), the future climate evolution is projected with 
climate models applicable for relatively short-term periods (MPI/UW and UVic) and 
with climate models for the long-term (CLIMBER-SICOPOLIS; CLIMBER-2 EMIC; 
see Section 5.2 below). In the MPI/UW and UVic models, the effects of changes in the 
forcing conditions – e.g. enhanced greenhouse-gas concentrations – on the climate 
system are simulated. In general, climate simulations of the future suggest that the 
global climate will warm the more the greater the amounts of atmospheric greenhouse 
gases that are present, and that the global climate is going to stay warmer than the pre-
industrial climate for centuries or millennia (Solomon et al. 2010, Mikolajewicz et al. 
2007, Eby et al. 2009).   

On multi-century to multi-millennial time scales, the equilibrium climate sensitivity7 is 
a useful measure of the climate system’s response to a certain level of radiative forcing8. 
In Table 2 in Pimenoff et al. (2012), the equilibrium climate sensitivity is expressed as 
the global temperature change associated with a certain atmospheric CO2 concentration. 
These are estimates presented in the IPCC’s 4th assessment report (Meehl et al. 2007) 
and represent the best knowledge of climate sensitivity at that date (studies of climate 
sensitivity have moved on substantially over the last few years.  It would be sensible to 
insert a comment on this and to note that the evaluation will be updated in the IPCC’s 
5th assessment report that will be published later in 2013 after the publication of this 
report). The temperature variation for a doubling of the atmospheric CO2 concentration 
(to 550 ppm) lies most probably in the range of 1.9 to 4.4 degrees (°C), the best estimate 
being about 3 degrees. For a quadrupling of the atmospheric CO2 concentration (1200 

                                                 

6 See Appendix 1. 
7 Equilibrium climate sensitivity refers to the equilibrium change in the annual mean global surface temperature following a 
doubling of the atmospheric equivalent carbon dioxide concentration. 
8 Radiative forcing is the change in the net downward minus upward, irradiance at the tropopause due to a change in the external 
driver of climate change, such as, for example, a change in the concentration of carbon dioxide or the output of the Sun. 
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ppm), the climate sensitivity lies most probably in the range of 4.2 to 9.4 degrees, the 
best estimate being 6.3 degrees. The projected increase in the global mean surface 
temperature is not projected to be evenly distributed around the globe. Over the high 
latitude land areas, applying to Olkiluoto, the temperature variation is enhanced roughly 
by a factor of two (Meehl et al. 2007). 

4.1.1 Climate modelling results 

The climate of Fennoscandia is affected by the North Atlantic Meridional Overturning 
Circulation (AMOC) leading to a warmer climate than elsewhere at the same latitudes. 
Several model simulations suggest that during the 21st century, the AMOC is going to 
weaken. This could slow down the warming of the climate in the North Atlantic region. 
Multi-century simulations (Meehl et al. 2007, Ridley et al. 2005, Vizcaíno et al. 2010, 
Mikolajewicz et al. 2007) suggest that the AMOC could even collapse during the 
current millennium in a high emissions scenario. In the MPI/UW simulations 
(Mikolajewicz et al. 2007), the changes in the simulated AMOC strongly depended on 
the emission scenario. In the control simulation and in the low emission scenario 
simulations (S2), the AMOC showed only temporary weakening, remaining almost 
unchanged during the whole simulation. In the high emission scenario simulations (S1), 
the AMOC collapsed around 2250 AD and showed no recovery by 5000 AD. In the 
intermediate emission scenario simulations (S3), the shutdown of the AMOC depended 
on the climate state at the beginning of the simulation; in three out of five simulations 
the AMOC collapsed, indicating that the system was close to a bifurcation point. The 
simulated collapse of the AMOC led to substantial cooling of the climate over parts of 
the North Atlantic region, including Fennoscandia. Over Fennoscandia, the simulated 
collapse of the AMOC also led to a temporary increase in cloudiness and precipitation. 
This temporary cloudiness and precipitation increase related to the collapse of the 
AMOC resulting in reduced incoming shortwave radiation in all the MPI/UW 
simulations in which the AMOC collapsed or temporarily weakened (Mikolajewicz et 
al. 2007). However, all model simulations suggest that even if the AMOC were to 
collapse, a temperate climate would continue at Olkiluoto during the next several 
millennia.  

In simulations with low, intermediate and high emissions, the climate at Olkiluoto is 
projected to be 0 to 5 degrees warmer with a 0 to 20% higher precipitation rate than at 
present during the next 3000 years (until 5000 AD), see Figure 5-1b and 5-1c. Further, 
in the low and intermediate emission simulations in which the AMOC did not collapse, 
the climate at Olkiluoto was projected to stay 0 to 2 degrees warmer with a 0 to 10% 
higher precipitation rate than at present between 5000 AD and 12000 AD. In the high 
emissions scenario, in which the AMOC collapses, the climate at Olkiluoto might cool 
to near the present day climate or 0.5 to 1 degree cooler between 5000 and 12000 AD. 
Consistent with this, the CLIMBER-SICOPOLIS simulations (climate - ice sheet 
model; Ganopolski et al. 2010), downscaled by statistical methods described in 
Pimenoff et al. (2011), projected that the climate at Olkiluoto will stay within temperate 
conditions (i.e. with temperature and precipitation values similar to those at the present 
day) during the next 10,000 years, whereas a warmer climate would be related to higher 
precipitation rates than currently (see Figure 4-1c). As shown by the results, there are 
large uncertainties in the climate projections for the next millennia. Thus, following 
YVL D.5 (paragraph 307), the climate can be assumed to be as at present, and it is data 
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(e.g. precipitation) representative of present climate that are used as an input to the base 
scenario for the surface environment. Because the intermediate emission scenario S3 is 
in-between S2 (low emissions) and S1 (high emissions), it is deemed sufficient to use 
these two latest climate scenarios in the formulation of variant scenarios for the surface 
environment. 

 

Figure 4-1. Results of the CLIMBER-SICOPOLIS simulations ( Pimenoff et al. 2011) 
and MPI/UW and UVic simulation results (in Pimenoff et al. 2012). Simulated evolution 
of the a) atmospheric CO2 concentration, b) annual mean temperature relative to the 
mean of the control simulation, c) annual precipitation relative to the mean of the 
control simulation (RCA3), d) annual mean shortwave net radiation at the surface 
relative to the mean of the control simulation and e) status of the AMOC (North Atlantic 
Meridional Overturning Circulation). Note the nonlinearity of the x-axis. 
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There are large uncertainties in climate change projections, due in turn to uncertainties 
such as the natural variation of climate, uncertainties in future emissions and the 
simplicity of the models. When projecting the feedback effects on ecosystems, 
uncertainty is also caused by the uncertainty regarding human actions and by nature’s 
ability to adapt to a changing environment. The strength of the MPI/UW and UVic 
model systems is that they are based on the fundamental geophysical principles of the 
Earth’s climate system. 

4.2 Climate evolution during the next 120,000 years 

In the report by Pimenoff et al. (2011), two future climate evolution scenarios that 
consider constant CO2 concentrations in the atmosphere (280 ppm and 400 ppm) were 
depicted for the Olkiluoto area for the next 120,000 years. The methodology applied 
was based on simulations of the last glacial cycle, the Weichselian, for which proxy data 
and climatic records are available. The CLIMBER-2 EMIC model was used for the 
analysis.  The current CO2 concentration in the atmosphere is around 390 ppm (Tans 
2010), meaning that the 400 ppm CO2 scenario would be a prolonged temperate period 
(boreal climate). In this scenario there would be no occurrence of ice sheets or 
temperatures leading to permafrost formation are deemed to occur for the next 50,000 
years approximately.  

In fact, the two future climate scenarios have to be looked at in a qualitative way, since 
it is implausible that atmospheric CO2 concentrations will stay constant for very long 
time periods. Overall, and based on the results of several climate simulations for the 
future (see Table 3 in Pimenoff et al. 2011), it is assumed that the next cold period 
initiating permafrost will occur at about 50,000 years AP, and that after that, a repetition 
of the last glacial cycle (see Appendix 1) will occur until one million years AP (see 
Figure 4-2B). Notwithstanding this, it must be noted that the temperature and 
precipitation data provided by the 400 ppm climate evolution scenario is the one that 
was used for surface hydrology simulations, which at the time provided the boundary 
conditions for deep groundwater simulations (Löfman & Karvonen 2012) for the 
prolonged temperate period to 50,000 years AP (see Ch. 5, 6 and 7 in Performance 
Assessment). 
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Figure 4-2. A) Schematic representation of the occurrence of permafrost, ice sheets, 
and temperate periods during the last glacial cycle (LGC). B) The repetition of the past 
glacial cycle after 50,000 years after present (AP), which is the selected climatic 
evolution for safety assessment.  

4.2.1 The temperate period (boreal climate) 

As stated above, the temperate period (i.e. boreal climate) similar to the current climate 
is estimated to last for 50,000 years. Accordingly, temperature and precipitation data 
from the CO2 400 ppm scenario have been used for the evolution of surface hydrology 
and the evolution of deep groundwater flow (Löfman & Karvonen 2012). Brackish 
groundwater is found to be the most plausible groundwater type expected over the 
majority of the area at repository depth from 10 to 50 ka AP (see Section 6.2 in 
Performance Assessment).  

4.2.2 The onset of permafrost 

As in the last glacial cycle (LGC), several permafrost periods can be expected during 
the next one. Assuming the repetition of the LGC, four permafrost periods are deemed 
to occur in the next cycle, starting at about 50 ka after present. From the simulated 
LGC, two permafrost periods (Figure 4-3) were selected as representative of relatively 
shallow permafrost (Period 1) and of deep permafrost (Period 2).  A cold and dry period 
giving rise to the formation of permafrost is not expected before 50 ka AP, and the 
initial state (surface environment, groundwater flow and salinity) for future simulations 
of permafrost is taken as that prevailing at 10 ka AP (i.e. 12000 AD), as simulated using 
the CO2 400 ppm scenario, due to the greatest reliability on the data and models for this 
time span. Nonetheless, the development of the thickness of soil and peat layers, 
surface-water systems and topographic wetness index have been extrapolated by 
continued simulation for 2000 to 52000 AD and three cases within this time period 
(12000 AD, 27000 AD, and 52000 AD) have been used for studying the sensitivity of 
permafrost results in 3-D simulations (Hartikainen 2013).   
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Figure 4-3. Simulation of permafrost periods (Hartikainen 2013) for the LGC in 1-D 
using data provided by Pimenoff et al. (2011). Selected permafrost periods (Period 1 
and Period 2) have been used for surface and groundwater flow modelling (Löfman & 
Karvonen 2012). 

The results of permafrost simulations are summarised in Appendix 3. It is worth noting 
that the t=0 in the time scale in the figures of Appendix 3 reflects the start of the 
simulations, which means that the simulated periods of permafrost should not be taken 
as the absolute time periods in which they might occur. It is also worth noting that for 
permafrost to reach repository depth, a very unrealistic climate condition with no 
formation of ice sheets has to be assumed (see Figure 3A-5 in Appendix 3). 

4.2.3  Ice-sheet periods 

During the LGC, Olkiluoto was covered by the Fennoscandian (also known as the 
Scandinavian) ice sheet (FIS or SIS) at least three times. There is no physical evidence 
(e.g. potholes, terminal moraine formations) that the ice sheet during its advance or 
retreat stopped for long periods in the Olkiluoto area, and neither is there direct 
evidence for how long the ice sheet remained over the site. The simulation of the LGC, 
as noted in Pimenoff et al. (2011), gives an overestimate of the duration of the periods 
for which the ice sheet covered the Olkiluoto site, which has been addressed through an 
adjustment using proxy data (see Appendix 1). However, the last glacial maximum 
(LGM) has been simulated with accuracy both in terms of timing and ice-sheet extent.  

The first glacial advance during the LGC in western Finland (Ostrobothnia) at a 
distance of about 400 km north of Olkiluoto is recorded at about 79 ka ago, with a first 
retreat or deglaciation between 62 and 55 ka ago (Saarnisto & Lunkka 2004, Salonen et 
al. 2008). This Middle Weichselian glacial advance reached southern Finland (Lunkka 
et al. 2004, Johansson et al. 2011b) and thus the ice sheet is assumed to have covered 
Olkiluoto for a period of at least 10 ka. A second advance, also in western Finland, is 

   Period 1 

   Period 2 
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considered to have occurred between 54 and 44 ka ago according to Nenonen (1995) 
and lasted until about 35 ka ago (e.g. Ukkonen et al. 1999). According to Lunkka et al. 
(2004) and Johansson et al. (2011b), the ice sheet at this stage did not reach southern 
Finland and it is unclear if it ever reached Olkiluoto. Nonetheless it is assumed that 
Olkiluoto was covered by ice for a few thousand years. 

The third glacial advance was that which climaxed in the LGM.  As noted above, this 
has been simulated with accuracy both in timing and extent. 

The implications of having an ice sheet (either in advance, in place, or retreating) over 
the repository site for deep groundwater flow and hydrochemistry is further discussed in 
Ch. 7 (Section 7.1) of Performance Assessment and in Appendix 2.  

4.3 Climate evolution up to one million years 

In Figure 4-2B it is worth noting that after 170 ka AP, a repetition of the cycle from 50 
ka to 170 ka AP can be expected assuming no effects of human-driven emissions of 
greenhouse gases that may retard the onset of a cold climate period and recognising that 
individual glacial-interglacial cycles will vary in length and intensity irrespective of 
perturbations originating from human activities. In this case, beyond 170 ka years, 
seven glacial cycles including alternate temperate and cold periods may occur with a 
total of eight glacial cycles within one million years. 
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5 THE REPOSITORY SYSTEM SCENARIOS – DETAILED DESCRIPTION  

For the base, variant, and disturbance scenarios defined for the repository system, a 
reference radionuclide inventory, representative of all spent nuclear fuel types, is 
assumed as the source term for all the calculation cases defined within the scenarios (see 
Section 6.3 in the Assessment of Radionuclide Release Scenarios for the Repository 
System).  

It must also be noted that even though all the scenarios are analysed for the whole 
assessment period up to 1 Ma, the compliance with regulatory dose constraints is 
demonstrated only for the repository system scenarios (following an expected line of 
evolution) leading to radionuclide releases within several millennia (GD 76/2008). 
Nonetheless, the demonstration of compliance with regulatory nuclide-specific 
constraints can be applied for the whole set of scenarios, whether radionuclide releases 
occur during the first several millennia or later. 

5.1 Base scenario  

The base scenario for the repository system has been briefly summarised in Section 3.1. 
The detailed description below follows the methodological steps stated in Section 2.6. 

During the expected repository system evolution (see Chapters. 5, 6 and 7 in 
Performance Assessment), most performance targets and target properties hold for tens 
to hundreds of thousands of years.  Also, by following improved quality control 
measures in canister manufacturing and emplacement, it is expected that there will be 
no canisters with an initial penetrating defect in the repository and, thus, there will be no 
radionuclide releases, at least within the first several millennia. Nonetheless, it is a 
requirement from the regulator to apply radiation dose constraints in an assessment 
period extending at a minimum over several millennia (§ 308 in YVL D.5, GD 
76/2008), and following this requirement, the incidental deviation of having emplaced 
one canister with a penetrating defect is assumed in this expected evolution scenario, in 
which radionuclide releases to the surface environment are assessed in terms of annual 
doses (see Biosphere Assessment). This assumption is also based on expert judgement 
concerning the canister welding method (electron beam welding − EBW) and non-
destructive testing (NDT) capabilities by which the possibility of having one defective 
canister out of 4500 cannot be ruled out (see Section 1.6). 

5.1.1 Regulatory framework 

In Appendix 1 of Guide YVL D.5 it is stated: “The base scenario shall assume the 
performance targets for each safety function, taking account of incidental deviations 
from the target values” and in the GD 736/2008 (Chapter 1, Section 2 under definitions 
number 13) it is stated that an “expected evolution scenario shall refer to such change 
affecting the performance of the barriers that has a high probability of causing 
radiation exposure during the assessment period and which can be caused by 
interactions occurring in the disposal facility, by geological or climatic phenomena or 
by human action.” 

In formulating the base scenario, Posiva makes a compromise between the two 
statements and consider on one side the incidental deviation of having one of the 
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emplaced canisters with an initial penetrating defect, and on the other side that 
regardless of the uncertainties arising from repository system evolution (see below, and 
Chapters 5 and 6 in Performance Assessment) 1) the defect keeps the same geometry at 
all times and that 2) the safety functions of all the other barriers hold during the whole 
assessment period.  

5.1.2 Safety functions and FEPs  

The safety functions of the various barriers and other repository system components and 
associated performance targets (target properties) are extensively dealt with in Design 
Basis, the FEPs affecting the evolution of the disposal system are listed in Features, 
Events and Processes and their impacts on the safety functions of the repository system 
components analysed and evaluated in Performance Assessment along with the most 
prominent migration-related FEP in the geosphere, which is groundwater flow. 
Individual FEPs are addressed alone or combined in defining the calculation cases 
within the scenarios. 

5.1.3 Lines of evolution 

The selected climate evolution that envelopes the repository system evolution is the one 
presented in Chapter 4, which show alternate temperate, permafrost and ice sheet 
periods. It must be noted that for the first tens of thousands of years and prior to the first 
permafrost period at about 50,000 years after present, it makes no difference to use 
hydrogeologically effective precipitation data derived for a climate evolution for a CO2 

concentration of 400 ppm or 280 ppm, as the data are very similar (see Figure 4-1c). 
Precipitation data are used for surface hydrology modelling that serves as a boundary 
condition for groundwater flow modelling (Löfman & Karvonen 2012). After 50,000 
year AP, permafrost may occur, but it assumed to have no effects on the release rates of 
radionuclides.  

The repository system follows the expected evolution depicted in Chapters 5 to 7 in 
Performance Assessment in which the majority of the canisters, buffer, backfill, closure 
components, and host rock maintain their respective safety functions for the whole 
assessment period.  

Given that the establishment of the transport path from the defective canister to the 
buffer and near-field rock is pessimistically assumed to occur within the first millennia, 
the selected groundwater type, according to current observations and modelling results 
(Löfman & Karvonen 2012), is brackish. As stated previously in Section 3.1.1, the 
position(s) of the defective canister in the repository have been cautiously selected from 
a chosen DFN realisation that takes into account the whole repository system (see 
Section 8.2 in the Assessment of Radionuclide Release Scenarios for the Repository 
System).  
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Figure 5-1. The repository Base Scenario and the uncertainties addressed related to the 
barriers and their safety functions.  

The uncertainties considered in this scenario (see Figure 5-1) are related 1) to the 
selection of flow-related parameters ending in the selection of various positions for the 
defective canister (Hartley et al. 2013b), 2) to the time of establishment of the transport 
path ending in the selection of more than one time, 3) to the speciation of several 
radionuclides as anions or cations in the near and far field (Wersin et al. 2013a,b, 
Hakanen et al. 2013) ending in the selection of more than one parameter (i.e. sorption, 
diffusivity) value for those radionuclides (see Ch. 7 for details). 

In the base scenario it is also assumed that the transport of radionuclides from the 
defective canister to the rock takes place though a fracture around the deposition hole, 
and that there is a damaged zone around the deposition hole. 

5.2 Variant scenarios 

As stated in Chapter 3 and in the regulatory guide YVL D.5/A105, “The influence of 
declined performance of single safety function or, in case of coupling between safety 
functions, the combined effect of declined performance of more than one safety function, 
shall be analysed by means of variant scenarios”.  

The degraded performance of the safety function(s) of any component other than the 
canister does not immediately give rise to canister failure and thus to radionuclide 
releases (see Chapters 5 to 7 in Performance Assessment). However, and as shown in 
Appendix B in Performance Assessment, in the long term the safety function of the 
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canister(s) will be lost (by corrosion) and radionuclide releases will happen. The 
combined effect of the degraded performance of the canister and the buffer is assumed 
in variant scenarios, where the loss of the safety function of the canister is combined 
with the degraded performance of the buffer (Variant Scenario 1, VS1 and Variant 
Scenario 2, VS2).   

5.2.1 Variant 1, VS1 

In this scenario, one canister is assumed to have an initial penetrating defect of 1 mm 
diameter at the time of emplacement that, due to corrosion, will enlarge up to 10 mm on 
a timescale of 25 ka. The copper corrosion rate needed for this to happen is 360 
nm/year, which is a very pessimistic value when compared to the ones calculated in 
King et al. (2012) in anaerobic conditions (about 2 nm/year). The degraded performance 
of the buffer is assumed to have arisen as a consequence of a process or combination of 
processes that are likely to occur within the first tens of thousands of years after 
emplacement, such as piping erosion, and/or montmorillonite transformation (e.g. due to 
heat-transfer-induced cementation, interaction with high pH water, or interaction with 
iron corrosion products), which may lead to a reduced effective buffer thickness. 

Montmorillonite transformation preferentially occurs at the interface between the 
canister and buffer if induced by heat transfer or at the interface between buffer and host 
rock, so that the whole buffer thickness is not affected. Piping erosion preferentially 
occurs at the host rock/buffer interface not affecting the whole thickness of bentonite. 

As in the base scenario, it is assumed that the transport of radionuclides from the 
defective canister to the rock takes place though a fracture around the deposition hole, 
and that there is a damaged zone around the deposition hole.  

The uncertainties considered in this scenario are related to 1) the composition of 
groundwater, also reflected in the selection of the sorption, diffusion, and solubility 
values for the geosphere and buffer  (see VS1-BRACKISH), for the geosphere (VS1-
HIPH in Table 7-3), 2) the composition of porewater in the bentonite, reflected in 
sorption, diffusion, and solubility values for radionuclides in the canister, buffer, and 
backfill (see VS1-HIPH_NF in Table 7-3). The buffer thickness is varied with respect to 
the base scenario, as its performance is assumed to be degraded because of 
montmorillonite transformation (see process 5.2.6 in Features, Events and Processes).  

5.2.2 Variant 2, VS2  

The line of evolution leading to this scenario includes buffer chemical erosion followed 
by or coupled to corrosion. It is assumed that all canisters are initially intact, and that 
there are no processes adversely affecting the safety functions of the EBS and the 
geosphere until climate has evolved so that the retreat of ice sheets is possible (see 
Chapter 4 and Appendix 2). During the retreat of ice sheet(s) the intrusion of dilute 
glacial meltwater (i.e. freshwater depleted in O-18) of low ionic strength may reach, for 
a short period, a few deposition holes leading to chemical erosion of bentonite (see 
Sections 7.1 to 7.5 in Performance Assessment). After sufficient buffer material has 
been chemically eroded, advective conditions may be established between the canister 
and the rock; this is assumed to occur once the buffer mass loss exceeds 1200 kg for the 
cautious assumption of incomplete homogenisation of the buffer or for giving no credit 
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to fracture clogging (see Section 7.5.5 in Performance Assessment). Advective 
groundwater flow then carries sulphide (see the range of sulphide concentrations in 
Figure 7-35 in Section 7.7.3 of Performance Assessment) to the affected canister(s) and, 
after corrosion has progressed sufficiently, the loss of canister containment and 
transport resistance.   

5.3 Disturbance scenarios 

In Appendix 1 of Guide YVL D.5 it is stated: “Disturbance scenarios shall be 
constructed for the analysis of unlikely events impairing long-term safety” and in the 
GD 736/2008 (Chapter 1, Section 2 under definition number 14) it is stated that 
“unlikely events impairing long-term safety shall refer to such potential events 
significantly affecting the performance of barriers that have a low probability of 
causing radiation exposure during the assessment period and which can be caused by 
geological phenomena or by human action.” 

In formulating disturbance scenarios, two main unlikely events are taken into account, 
one is the occurrence of an earthquake, for which the probability of occurrence within 
different time windows is reported in Section 7.2 of Performance Assessment and the 
other is inadvertent human intrusion (see Section 6 in this report and Biosphere 
Assessment), to which a probability of occurrence can be given according to current 
habits and practices. Also, FEPs that are likely to occur and significantly affect the 
system, but only if their rates are outside the reasonable expected range of possibilities, 
are taken into account.  

The FEP number 8.2.3 “reactivation – displacement along existing fractures” is closely 
related to an earthquake-promoted rock shear, as rock shear is most likely to occur on 
existing fractures (see 8.2.3 in Features, Events and Processes). This FEP may be 
combined with other FEPs in defining disturbance scenarios (see below). Two  other 
FEPs that are likely to occur, but would have to be assumed to act at rates outside of the 
reasonable expected range of possibilities, are corrosion coupled to mechanical 
deformation (see processes 4.2.5, 4.2.6 and 4.3.2 in Features, Events and Processes).  
These are also taken into account (see below). 

5.3.1 Disturbance scenario: Rock shear (RS) 

The line of evolution of the repository system selected for this scenario is that of normal 
expected evolution either up to 1) about 40,000 years AP or 2) about 155,000 years AP 
when it is assumed that an earthquake occurs that causes a rock shear displacement able 
to breach a canister, still keeping most of the buffer in place. The selection of 40,000 
years AP is absolutely arbitrary and selected for comparison to the results for a later 
time. The significance of the later time arises from the retreat of an ice sheet and re-
establishment of temperate conditions (see Ch. 4 in this report and Section 7.2.4 in 
Performance Assessment), i.e. it relates to post-glacial fault reactivation. The major 
difference between assuming an earthquake at 40,000 or at 155,000 years is the 
radionuclide inventory available at that time, as the probability of a canister failure due 
to the event is the same in both cases (see Section 7.2 in Performance Assessment); 
other uncertainties accounted for are groundwater flow and composition that may be 
substantially affected in the case of an earthquake after ice-sheet retreat. 
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In this scenario the flow rate, at the time of occurrence of the earthquake, is assumed to 
be higher than in normal undisturbed conditions. The assumption of having a higher 
flow rate is based on modelling and experimental studies. For example, Xiong et al. 
(2011) did an experimental and numerical study on the hydraulic characteristics of a 
single rock fracture in a coupled shear-flow system, and found that the flow rate 
increases during the initial displacement of the fracture surfaces, but stabilises or 
decreases after the displacement has come to an end. Changes in groundwater flow have 
also been observed in natural systems in association with large earthquakes (e.g., 
Rojstaczer & Wolf 1992, Fleeger 1999, Manga 2001, Amoruso et al. 2011), showing 
increases especially in stream and spring flow. However, it has been observed that the 
flow rate values return to the normal undisturbed ones in a few tens of years (e.g. 
Brodsky et al. 2003, Wang et al. 2012). Therefore the assumed higher flow during and 
after an earthquake should be assumed to be transient for the analysis of this and any 
other scenario in which rock shear is considered. 

5.3.2 Disturbance scenario: Rock shear and buffer erosion (RS-DIL) 

The line of evolution of the repository system selected for this scenario is, in part, 
identical to the Rock shear scenario, i.e. normal or expected evolution up to either 1) 
about 40,000 AP or 2) about 155,000 year AP (see previous Section 5.3.1) when it is 
assumed that an earthquake occurs that causes a rock shear displacement able to breach 
a canister. In addition, however, it is assumed that a perturbation of the fracture network 
due to rock shear enhances inflow of dilute, low ionic strength water reaching the 
positions of the breached canisters at the time of canister failure and also later in 
association with glacial retreat and hence resulting in chemical erosion of the buffer. It 
is relevant to note that the penetration of dilute meteoric water to repository depth by 
40,000 years AP is likely as a consequence of the long persistence of temperate 
conditions, but that this penetration is not necessarily at any particular canister position 
(see Section 7.1.3 in Performance Assessment), and, therefore, also not necessarily at 
the canister position affected by a rock shear displacement. No credit is given for 
complete homogenisation of the buffer or fracture clogging, and advective conditions in 
the buffer are assumed to be established once the buffer mass loss exceeds 1200 kg (see 
above). The presence of bentonite colloids carrying radionuclides (see details in Section 
13.4 in Assessment of Radionuclide Release Scenarios for the Repository System) is 
taken into account in evaluating radionuclide release from the buffer and transport in the 
geosphere.  

5.3.3 Disturbance scenario: Accelerated insert corrosion (AIC) 

In this scenario, it is assumed that a canister with an initial penetrating defect (1 mm 
diameter) has been emplaced in the repository, as in the base scenario. The base 
scenario assumes a reasonable expected corrosion rate for the cast iron insert (0.1 – 1 
micrometre/year; Posiva 2010) and a reasonable behaviour of the evolution of the 
corrosion products (mostly magnetite) with no consequences for the copper overpack. 
However, in the AIC scenario an accelerated insert corrosion rate (> 1 micrometre/year) 
is assumed allowing the insert to corrode and the corrosion products of the insert to 
expand and mechanically breach the copper overpack resulting in a total loss of 
transport resistance after 15,000 years.  
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There is uncertainty over the tightness of the cast iron insert. If the insert is water-tight 
then radionuclide releases cannot occur until the insert is breached (at 15,000 years); if 
the insert is not tight (leaky) then releases may begin at 1000 years as in the Reference 
Case, with total loss of transport resistance after 15,000 years. The alternatives are 
represented by two calculation cases (see Chapter 7).   

The assumptions of this scenario are very pessimistic. First, the minimum thickness of 
the insert outer wall varies between 30 and 50 mm and thus it would take a minimum of 
30,000 to 50,000 years to corrode at the corrosion rate of 1 μm/year. Moreover, there is 
no evidence that the formation of the insert corrosion products could breach the copper 
overpack in repository conditions since magnetite is porous and a yielding oxide. A 
third factor is that the corrosion of the iron insert would be limited by the low rate of 
diffusion of water vapour through the defect. For these reasons, the scenario is judged 
very unlikely and classified as a disturbance scenario.  
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6 THE SURFACE ENVIRONMENT SCENARIOS – DETAILED 
DESCRIPTION  

This chapter presents the details of the base scenario (Section 6.1), variant scenarios 
(Section 6.2) and disturbance scenarios (Section 6.3), as they pertain to the surface 
environment. 

6.1 Base scenario 

The base scenario represents a credible line of evolution for the entire surface 
environment, where the most likely lines of evolution for natural FEPs are included to 
as large extent as feasible. This section presents the details of the base scenario, 
focusing on the key scenario drivers and the FEPs that are coupled to those drivers. The 
presentation of the base scenario follows the steps in the methodology (Section 2.5). 
Hence, the starting-point when formulating the base scenario is to identify, and interpret 
as necessary, relevant constraints set out in the regulatory guidelines. 

6.1.1 Regulatory constraints  

The regulatory framework relevant for scenario formulation is discussed in Chapter 2. 
The regulations that have most impact on the formulation of the base scenario are that 
environmental changes arising from changes in ground level in relation to the sea shall 
be accounted for, assuming that the climate type as well as the human habits remain 
unchanged (Guide YVL D.5 paragraph 307). As stated in Section 3.1, Posiva 
understands this as meaning that it is the current climate type in the region of the 
Olkiluoto site and the habits of its inhabitants that are relevant to use in scenario 
formulation. The past development of the climate, focusing on the time span since the 
last deglaciation up to current conditions, in the region of the Olkiluoto site is presented 
in Biosphere Description, Section 2.1. The present behaviour of people in the region of 
the Olkiluoto site is presented in Biosphere Description, Chapter 3. This forms an 
essential part of the knowledge basis,especially on land use and exposure pathways. 
Furthermore, present kind of living populations of plants and animals can be assumed 
(YVL D.5 paragraph 317).  

Posiva has undertaken a substantial site characterisation programme, including 
ecological monitoring. Data derived as a result of this extensive monitoring programme 
have provided the basis for identification of the types of animal and plants currently 
present on Olkiluoto Island, and those that could reasonably be predicted to occupy new 
land areas as they develop (Biosphere Description, Sections 2.3 and 2.4). It is not 
feasible to evaluate impacts on all species that are present (or reasonably expected to be 
present over the dose assessment time window). Representative organisms are selected 
as a group of animals and plants considered to be appropriate and representative biota to 
focus upon within the assessment (Biosphere Description, Chapter 4). 

The regulations require that  ‘at least the following potential exposure pathways shall be 
considered: use of contaminated water as household water, as irrigation water and for 
animal watering, use of contaminated natural or agricultural products originating from 
terrestrial or aquatic environment’ (STUK 2011, paragraph 308). Posiva understands 
this paragraph to mean that, if it is plausible, crop-producing farms, using surface or 
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well water for irrigation, and livestock farms using surface or well water for animal 
watering should be features included in the base scenario. 

The regulations require that ‘…In the living environment of this community, i.a. a small 
lake and shallow water well is assumed to exist’ (STUK 2011, paragraph 309). Posiva 
understands this to mean that, if it is plausible, at least one small lake and one shallow 
water well should be features included in the base scenario. 

6.1.2 Identification of key scenario drivers and FEPs 

The next step in the methodology (Section 2.5) is to identify the most important 
scenario drivers, i.e. key scenario drivers, with respect to the evolution of the surface 
environment, fate of radionuclides and/or the radiation exposures of humans, plants and 
animals. This work includes identifying FEPs coupled to the key drivers. This is mainly 
done by relying upon expert judgement based on the accumulated experience from 
previous biosphere assessments, both those performed by Posiva and relevant 
assessments performed by other organisations. The discussion below summarises how 
the key drivers and FEPs were identified.   

Key scenario drivers 
Firstly, as an overview, the overarching factors affecting the evolution of the surface 
environment, fate of radionuclides in the surface environment and the potential level of 
radiation exposures of humans, plants and animals are outlined. Here it is acknowledged 
that all these factors and endpoints have very complex interactions and couplings. As a 
starting point, the evolution of the natural environment sets, in broad terms, the stage for 
both the fate of radionuclides and the exposure pathways that may occur. How humans 
behave in this environment then determines to a large degree the magnitudes of their 
potential radiation exposures. 

A crucial aspect of the surface environment is whether the areas affected by a potential 
radionuclide release from the geosphere comprise aquatic or terrestrial ecosystems. This 
factor is greatly affected by the evolution of the Olkiluoto site, since it is directly 
governed by sea-level change at the site. Thus, sea-level in the Baltic Sea is a key factor 
driving the evolution of the surface environment. Another key factor, on of two, directly 
affecting sea-level change at the Olkiluoto site is the still ongoing land (crustal) uplift 
after the retreat of the last Weichselian ice sheet. The hydrological balance is also a key 
factor, since it regulates water exchange, both in surface water bodies and in the 
overburden, hence it also determines to a high degree the activity concentrations in 
environmental media. The hydrological balance is coupled with sea-level change, since 
both are affected by the global climate. 

Humans also indirectly affect sea-level change on a global scale, by affecting the 
climate evolution due to greenhouse gas emissions. Accounting for the behaviour of the 
present generation is not sufficient in this case; past generations have indirectly affected 
the current climate and future climate evolution by greenhouse gas emissions, and this 
will continue into the foreseeable future. 

Humans affect their radiation exposures directly, especially by utilising local natural 
resources (below denoted land use).  
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Plants and animals are secondary actors after humans, in respect to the evolution of the 
surface environment, the fate of radionuclides in the surface environment and the 
potential levels of radiation exposure. Animals and plants find their habitats in the 
settings dictated by the combination of the evolution of the natural environment and the 
behaviour of humans. 

Based on the reasoning above, the overarching FEPs assumed to drive the evolution of 
the surface environment, hence the scenario formulation, are associated with sea-level 
change and how humans behave, especially how the land is utilised. The two key 
scenario drivers identified for the base scenario are sea-level change (local) and land 
use. 

Key FEPs 
The key driver sea-level change (local) is a FEP coupled to several other FEPs. The 
FEPs identified to have the strongest influence on sea-level change at the Olkiluoto site 
are climate evolution (Features, Events and Processes, Section 10.2.1) and land uplift 
and depression (Features, Events and Processes, Section 10.2.4).  

The key driver land use is an aggregated FEP (FEP group, FEP class) comprising a 
wide range of individual FEPs related to how humans behave. The FEPs regarding land 
use at the Olkiluoto site identified to be most important in the scenario formulation are 
crop type, irrigation procedures and livestock (all three addressed in Features, Events 
and Processes, Section 9.2.4), forest and peatland management (Features, Events and 
Processes, Section 9.2.5), construction of a well (Features, Events and Processes, 
Section 9.2.30) and demographics (Features, Events and Processes, Section 9.2.33).   

6.1.3 Lines of evolution for Sea-level change (local) 

The line of evolution selected for the base scenario for the key scenario driver sea-level 
change (local) linked to climate evolution, is based on the decision that, for the dose 
assessment time window, the recent climate prevails. Land uplift and Climate evolution 
drive sea-level change at Olkiluoto. The thermal expansion of sea water and changes in 
land-based glaciers and ice sheets affect the global sea level. The local sea level at 
Olkiluoto is also affected by land uplift (Påsse 2001) and changes in ocean currents (e.g. 
Levermann et al. 2005). The global sea-level rise is not evenly distributed around the 
world, due to changes in the gravitational field of the Earth. In the Baltic Sea, the 
projected sea-level change over the next few millennia has been estimated to be about 
10% of the global average change resulting from the melting of the Greenland ice sheet 
and about 105% of the global average change resulting from the melting of the 
Antarctic ice sheets (Johansson et al. 2011a, based on Tamisiea et al. 2003 and 
Mitrovica et al. 2009). However, there are significant uncertainties related to the sea-
level simulations. The major potential sea-level changes result from non-linear or abrupt 
climate-related changes in ice sheets, for which both the theories and modelling still 
contain large uncertainties. Shortcomings of the ice-sheet models in simulating the 
recent melting of the Greenland ice sheet and the West Antarctic ice sheet, or the 
potential collapse of the latter emphasise the uncertainty of the sea-level scenarios 
resulting from changes in ice-sheet volumes (e.g. Bindschadler et al. 2013 and 
references therein). Altogether, the non-linear or abrupt changes in the Baltic sea-level 
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from individual contributions range from -7.7 to +3.4 m during the next 10 000 years9, 
the combination of West Antarctic ice sheet collapse and melting of the Greenland ice 
sheet in combination would indicate about a 10 m maximum rise in global sea level (see 
Pimenoff et al. 2012). There are also major uncertainties in predicting the timing and to 
some extent also the duration of the non-linear or abrupt changes (see Pimenoff et al. 
2012). 

The climate also greatly affects the hydrological balance (precipitation, evapo-
transpiration, runoff) and hence the groundwater flow and the water discharge via rivers 
and lakes. Furthermore - as identified above in Section 6.1.2 - these factors affect 
radionuclide transport and bioavailability of radionuclides in the biosphere.  

As stated earlier (Section 3.1), the base scenario for the surface environment is based on 
one credible line of evolution and not a particular scenario judged being the most likely, 
since the likelihoods of different surface environment scenarios cannot be ranked. It is 
considered that none of the emission scenarios (S1, S2, S3) can be assigned higher 
plausibility than another within the dose assessment time window, and, in addition, 
there are also major uncertainties in the climate simulations. The surface environment 
evolution will likely be significantly modified by future human actions that are highly 
unpredictable. The base scenario for the surface environment is analysed in one 
calculation case, the Reference Case (Section 8.1). An important purpose of the 
Reference Case, hence the base scenario, is to act as a reference to which the other 
scenarios and cases are compared.  

In order to facilitate a meaningful comparison of the outcome of the analysis from 
different scenarios and calculation cases, a constant climate based on present-day 
conditions is selected for the base scenario. Selecting a static climate stage, 
corresponding to recent time-averaged climate parameters facilitates the isolation of the 
impact on the assessment results due to uncertainties in non-climate related FEPs, since 
the analysis is not complicated by the variability of the hydrological balance. However, 
the impact on the assessment results due to different climate scenarios is naturally also 
considered; as these alternative climate simulations are used in the variant scenarios and 
compared with the base scenario (see Section 6.2). 

It is considered that a static climate based on the present conditions for the base scenario 
for the surface environment is appropriate, mainly because the present climate is not 
very different from the climates determined on the basis of results from various climate 
simulations, especially when considering the entire dose assessment time window. 
Furthermore: 

 The regulation states that the present climate type can be assumed;  

 The climate input data are representative of the present (recent) climate; 

                                                 

9 The effect of the thermal expansion of the oceans on the Baltic sea level is about +3 m for both low and high levels of greenhouse 
gas emissions (Eby et al. 2009), the collapse of the West Antarctic ice sheet in case of a high level of emissions could contribute 
+3.4 m (Bamber et al. 2009), the melting of the Greenland ice sheet could contribute +0.03...0.7 m (Mikolajewicz et al. 2007), the 
shutdown of medidional overturning circulation +1 m (Levermann et al. 2005) and the total growth of Antarctic ice sheets -0.55...-
7.7 m (Mikolajewicz et al. 2007), depending on the emission levels. 
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 There is much variation within any of the climate simulations (S1, S2, S3) in the 
temperature and precipitation affecting the hydrological balance and water 
discharges in lakes and rivers (see Figure 4-1) which would complicate the 
comparison between the scenarios and cases as the evolution of the surface 
environment includes significant dynamics already; 

 The recent time-averaged temperature and precipitation values are within the 
variations between the climate scenarios (S1, S2, S3 in Figure 4-1; the present 
values are where the data lines start); 

 More importantly for the biosphere assessment, in the projections for sea-level 
change at Olkiluoto, there are no major differences in the scale of the modelling 
uncertainties (see above) between assuming the present climate to prevail 
(Figure 6-1) and using the results from the climate simulations (Figure 6-2). 

 
 

 

Figure 6-1. Sea-level change and elevation (in metres) of a reference point at the 
present sea level in the Reference Case (BSA-RC). 
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Figure 6-2. Evolution of different contributions to the global sea level (dashed 
contours) and sea level on the Finnish west coast (solid contours) in metres relative to 
present-day. Note the non-constant scale of the x-axis. S1, S2, and S3 correspond 
respectively to A2_1, B1_1, and A1B_2 (Pimenoff et al. 2012). 
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6.1.4 Lines of evolution for Land use 

The settings and lines of evolution selected for the base scenario for the key scenario 
driver land use and its FEPs are described in this section. 

Crop type 
The FEP Crop type is part of the main activity cultivation included in the broad FEP 
Agriculture and aquaculture (Features, Events and Processes, Section 9.2.4). 
Information on the present use of croplands is presented in Biosphere Description 
(Section 2.4.8). Croplands are at the moment scarce in the Olkiluoto area and statistical 
agricultural information is based on the municipality of Eurajoki and the four 
neighbouring municipalities (Rauma, Eura, Säkylä and Köyliö). Based on the 
information on the present use of croplands, the line of evolution selected for the base 
scenario is identified as follows: 

The cultivated land is limited to arable land areas suitable for crop production 
(including pasturage), assuming present-day agriculture practices. The amount of 
land allocated to a particular crop type is based on a representative mix of the 
present-day regional production of crops. These cultivation habits are assumed to 
remain unchanged during the dose assessment time window. 

Irrigation procedures 
The FEP ‘Irrigation procedures’ is one of the main activities included in the broad FEP 
Agriculture and aquaculture (Features, Events and Processes, Section 9.2.4). In an 
irrigation event, typical for the Olkiluoto region, about 300 m3/ha is applied, with the 
majority of the irrigation water taken from lakes and rivers (Features, Events and 
Processes). The irrigation water is, in the base scenario, assumed to be taken from 
surface water bodies such as rivers or lakes. Based on the information on present use of 
croplands, the line of evolution selected for the base scenario is identified as follows: 

The irrigation procedures, encompassing irrigation technique, types of crops 
economically viable for irrigation, water amounts and irrigation frequencies, at the 
site and in the region, constitutes a representative situation that can be based on  
present-day practises at the regional scale. The source of irrigation water is either a 
near-by river or a lake. These irrigation procedures are assumed to remain 
unchanged during the dose assessment time window. 

Livestock 
The FEP Livestock is part of the main activity animal husbandry included in the broad 
FEP Agriculture and aquaculture (Features, Events and Processes report, Section 
9.2.4). Information on current animal husbandry is presented in the Biosphere 
Description report (Section 3.1.2). The water for the animals in the base scenario is 
assumed to be taken from surface water bodies such as rivers or lakes. Based on the 
information on present-day practices regarding livestock, the line of evolution selected 
for the base scenario is identified as follows:  

The mix and husbandry of livestock at the site and in the region is representative of 
present-day production of food from animals. The food products assumed are limited 
to cow milk, beef, pork and mutton. Simplified assumptions are made that only cattle 
and sheep graze and that pigs are fed only purchased (uncontaminated) 
concentrates. The source of drinking water for the animals is either a near-by river 
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or a lake. These practices are assumed to remain unchanged during the dose 
assessment time window. 

Forestry and peatland management 
Forestry is the organisation, control, regulation and administration of wooded areas for 
specified purposes, such as to produce various products and benefits including timber, 
wildlife habitat, clean water, biodiversity and recreational facilities (Features, Events 
and Processes report, Section 9.2.5). Present-day upland forests at the Olkiluoto site and 
in the Reference Area are described in the Biosphere Description report (Section 2.4.7). 
As most of the present-day forest stands in Finland as a whole (as well as on Olkiluoto) 
are subjected to intensive management, they represent young successional stages 
(Tonteri et al. 1990, p. 85). Peatland management is the organisation, control, regulation 
and administration of a peatland for specified purposes (Clarke & Rieley 2010, p.13). 
Undrained peatlands are valuable habitats for a wide range of biodiversity and 
ecosystem services, and many are managed as nature reserves. Drained peatlands are 
used mostly for agriculture and forestry, but also for peat extraction to provide energy, 
growing media and other products (Features, Events and Processes, Section 9.2.5). 
Based on the information on forest and peatland management, the line of evolution 
selected for the base scenario is identified as follows: 

The forests are managed mainly for economic purposes, within the range of present-
day practice where the needs of the forest industry (pulp, saw industry, resin for fuel) 
act as the main driving force. Present-day practice is a relatively intensive 
silviculture, including measures such as economic rotation, artificial regeneration, 
drainage, fertilisation, harvesting and pruning. With this level of management, forest 
fires are rare and occur only at a small scale. These circumstances are assumed to 
remain unchanged during the dose assessment time window. 

The peatlands are managed within the range of present-day practice. Most extensive 
peat volumes are harvested for fuel unless protected, and forestry use is common. 
These circumstances are assumed to remain unchanged during the dose assessment 
time window. 

Construction of a well 
A well is an excavation in the ground purposely constructed to extract groundwater 
from underground aquifers, here assumed to be used for household water (e.g. drinking, 
bathing and showering). The depths of wells are in the range where water with 
sufficiently high quality is located, and is expected to be located in the future. At the 
present day, the depth of 11 drilled private wells on Olkiluoto Island ranges from 16 m 
to 73 m (Ikonen et al. 2003 p. 76).  

The number of wells assumed to be constructed in the bedrock (by drilling or driving) 
or dug in the overburden locally at or near the Olkiluoto site is based on the present-day 
average well density in south-western Finland. About 50 000 persons rely on well water 
in Varsinais-Suomi and Satakunta (Isomäki et al. 2007 p.56). Assuming one well per 
household and on average three persons per household, the number of wells in 
Varsinais-Suomi and Satakunta is about 17 000. The land area of Varsinais-Suomi and 
Satakunta is about 19 000 km2; hence, on average, the well density is in the order of one 
well per km2.  
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Water treatment is not accounted for in the present assessment. This is considered 
cautious, assuming that the use any kind of water treatment would either have no effect 
or reduce the concentrations of radionuclides in the drinking water. 

Based on the information on the present use of wells in the region, the line of evolution 
selected for the base scenario is identified as follows: 

Wells are assumed to be used only for extracting household water. The density of 
wells constructed in the bedrock (by drilling or driving) or dug in the overburden 
locally at or near the Olkiluoto site is consistent with the present-day average well 
density in south-western Finland. The habits regarding wells are assumed to remain 
unchanged during the dose assessment time window. 

Demographics 
It should be noted that the land use on Olkiluoto Island is currently predominantly 
characterised by activities related to energy production (see for example Figure 3-2 in 
Biosphere Assessment). However, the scenario formulation assumes that no nuclear 
facilities, nor other installations related to energy production, exist at the site, as they 
are expected to be removed in the future. 

The Olkiluoto area is characterised as a sparsely populated rural area, where the 
settlements are distributed in a scattered pattern. The average population density in the 
reference area around Olkiluoto is in the range 30–40 inhabitants/km2 and close to the 
site the average density is even lower, with most of the dwellings being summer 
cottages (Features, Events and Processes, Section 9.2.35). Based on the information on 
present characteristics of the population in the area around the Olkiluoto site, the line of 
evolution selected for the base scenario is identified as follows: 

The region (including the disposal site) is a sparsely populated rural area, with the 
population located in a scattered pattern. These characteristics are assumed to 
remain unchanged during the dose assessment time window. 

6.2 Variant scenarios  

Following the methodology in Section 2.5, variant scenarios for the surface 
environment are based on alternative credible lines of evolution arising from reasonable 
variations of the FEPs that are coupled to the key drivers. Consideration has also been 
given to additional scenario drivers. The variant scenarios are listed in Table 6-1 and 
further elaborated in the sections below. 
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Table 6-1. Variant scenarios identified for the surface environment, the drivers that the 
scenarios address and the most important FEPs in terms of uncertainties that affect the 
drivers. The numbers in parenthesis after the FEP name in the last column relate to the 
FEP numbers in Features, Events and Processes.  

Variant scenario  Scenario driver(s) FEPs 

VS(A) Discharge locations to 
the surface environment 

Discharge locations Defective canister location in the 
repository layout (a) 

VS(B) Sea-level change Sea-level change (local) Climate evolution (10.2.1) 

VS(C) Land use (agriculture) Land use Agriculture and aquaculture (9.2.4) 

VS(D) Land use (well) Land use Construction of a well  (9.2.29), 
Well (9.2.30) 

VS(E) Route of radionuclide 
transport 

Element migration and 
accumulation 

Alternative radionuclide transport 
routes in biosphere terrestrial and 
aquatic compartments affect a 
number of terrestrial and aquatic 
processes 

VS(F) Exposure characteristics Human habits Dietary profile (9.2.3) 

VS(G) Combined scenario Sea-level change (local) 
Land use 

Agriculture and aquaculture (9.2.4),
Climate evolution (10.2.1), Land 
uplift and depression (10.2.4) 

(a) See BS-LOC1 and BS-LOC2 in Assessment of Radionuclide Release Scenarios for the Repository 
System, Section 8.1.  

 
6.2.1 VS(A) − Discharge locations to the surface environment 
Scenario driver: Discharge locations 

The discharge locations of radionuclide release from a canister with an initial 
penetrating defect may be affected by the position of the defective canister in the 
repository, which affects the groundwater flow path(s) by which contaminants will be 
carried to the surface environment (see for example Nykyri et al. 2008, Figures 4-15 and 
4-16). The base scenario assumes discharge locations based on one, cautiously selected, 
position of the deposition hole for the defective canister; this deposition hole is 
associated with three potential near-field and geosphere transport paths to the surface 
environment (addressed in Assessment of Radionuclide Release Scenarios for the 
Repository System, Section 6.2). The implications of uncertainties in the location of a 
defective canister, and hence the discharge locations to the surface environment, on the 
radiological impact are addressed in this variant scenario. 

6.2.2 VS(B) – Sea level change 
Scenario drivers: Sea-level change (local) 

This variant scenario assesses the impact of the local sea-level changes (see Figure 6-2) 
on the surface environment development, due to uncertainties in the climate evolution. 
The climate evolution is, in the time window being considered, mainly affected by the 
evolution of the atmospheric CO2 concentration; this scenario assumes that the emission 
of greenhouse gases may be either significantly higher or marginally lower (see S1 and 
S2 in Figure 4-1) than the emission of greenhouse gases determining the current climate 
underlying the base scenario. 
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6.2.3 VS(C) – Land use (agriculture) 
Scenario driver: Land use 

This variant scenario addresses uncertainties in how humans use the land, focusing on 
different agricultural aspects. Specifically, this scenario addresses assumptions on 
cultivation practices and crop types. The base scenario assumes that the criteria future 
human generations use for selecting suitable arable land areas are consistent with 
present-day practices, and that they will cultivate a representative mix of the present-
day regional production of crops. This variant scenario assumes that humans apply 
alternative criteria for selecting arable land areas, leading to a different area of the site 
being cultivated, or that crop types may locally be specialised. This scenario also 
assumes that the crop type cultivated at any location in the model may vary; the base 
scenario assumes that once a field has been assigned to a specific crop type, this does 
not change with time. 

6.2.4 VS(D) – Land use (well) 
Scenario driver: Land use 

This variant scenario addresses uncertainties in how humans use the land, focusing on 
the construction of wells to extract household water. In the base scenario, it is assumed 
that the number of wells used locally at or near the Olkiluoto site is consistent with the 
present-day average well density in south-western Finland. The implication of the 
uncertainty in the well density on the radiological impact is addressed in this scenario. 

6.2.5 VS(E) - Alternative radionuclide transport routes in biosphere 
compartments 

Scenario driver: Element migration and accumulation  

This variant scenario addresses uncertainties in the assumptions underlying radionuclide 
transport in the surface environment. In the base scenario it is assumed that the 
radionuclide releases from the geosphere enter the biosphere through a deep overburden 
in terrestrial and agricultural ecosystems or into deep sediment in aquatic ecosystems. In 
this variant scenario, alternative environmental compartments receiving the initial 
releases are assumed, aiming at giving a more cautious estimate of the activity 
concentrations in the environmental compartments where most transfer of radionuclides 
to edibles take place. For example, the radionuclides may be released direct to the 
rooting zone in terrestrial and agricultural ecosystems. 

6.2.6 VS(F) – Exposure characteristics 
Scenario driver: Human habits 

This variant scenario addresses uncertainties in the human diet. In the base scenario, it is 
assumed that all (contaminated) edibles possibly produced from the different 
ecosystems at the site are consumed by humans, and that humans have no preferences 
regarding food (i.e. they make the maximum possible use of local foods irrespective of 
the degree to which this results in a diet biased towards a particular food type). This 
scenario assumes that humans in future generations have the same preferences regarding 
consumption of various food groups as the present-day Finnish population. It is here 
assumed that all individuals in the exposed population have the same dietary profile, for 
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example an average dietary profile of the present-day Finnish population or a profile 
corresponding to high-rate consumers of certain food groups. This variant scenario also 
assumes that the exposed population does not necessarily make maximum possible use 
of local foods. Part of the diet may consist of (uncontaminated) foodstuffs not produced 
at the site, for example citrus fruits.  

6.2.7 VS(G) – Combined scenario 
Scenario drivers: Sea-level change (local), Land use  

In this scenario, uncertainties in climate evolution, land uplift and depression, and 
agriculture practices are combined. For each scenario driver, and the key FEPs affecting 
it, assumptions are made to individually maximise the arable land area, but still being 
consistent with current scientific understanding and within the reasonably expected 
range of possibilities. 

The sea-level change takes into account the climate data in S1 (A2_1) (see Data Basis 
for the Biosphere Assessment, Section 10.1) and the land uplift model is based on 
Pohjola et al. (2012) (see Data Basis for the Biosphere Assessment, Ch. 9). The results 
are presented in Figure 6-3, along with the elevation of the Reference Case for 
comparison. 

 

 

Figure 6-3. Evolution of sea-level changes and elevation (in metres) of a reference 
point at the present sea level in the base scenario Reference Case (BSA-RC) and in the 
variant scenario case VS(G)- COMBI. 
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6.3 Disturbance scenarios 

In the disturbance scenarios for the surface environment, unlikely FEPs and lines of 
evolution with a potentially significant effect on the fate of radionuclides in the surface 
environment and/or the radiation exposure of humans, plants and animals are addressed. 
The identified disturbance scenarios are listed in Table 6-2 and further elaborated in the 
sections below. 

6.3.1 DS(A) – Sea-level change 
Scenario drivers: Sea-level change (local) 

This disturbance scenario assesses the impact of changes in local sea-level (see Figure 
6-2) on the surface environment development, especially due to uncertainties in the 
climate evolution. The evolution of the different contributions (i.e., North Hemisphere 
ice sheets, South Hemisphere ice sheets and thermal expansion) to the global sea level 
results in almost no difference with respect today’s sea level and it is even lower than at 
present day in most cases (note that the rate of land uplift at Olkiluoto is the same in all 
cases). Thus, in this scenario a higher sea level is artificially constructed by assuming 
the timing of some events resulting in a high sea level and listed as the main 
uncertainties in Pimenoff et al. 2012. This higher sea level is unlikely to be achieved 
due to the rate of uplift.  

6.3.2 DS(B) – Land use 
Scenario driver: Land use 

This disturbance scenario addresses uncertainties in how humans use the land, focusing 
on agriculture. The base scenario assumes that the criteria future human generations use 
for selecting suitable arable land areas are consistent with present-day practices and that 
they will cultivate a representative mix of the present-day regional production of crops. 
This scenario assumes that no land area at, or near, the disposal site is used for 
cultivation of crops or for pasturage. 

Table 6-2. Disturbance scenarios identified for the surface environment, the drivers that 
the scenarios address and the most important FEPs in terms of uncertainties that affect 
the drivers. The numbers in parenthesis after the FEP name in the last column relate to 
the FEP numbers in Features, Events and Processes.  

Disturbance  scenario  Scenario driver FEPs 

DS(A) Sea-level change Sea-level change (local) 
 

Climate evolution (10.2.1) 
 

DS(B) Land use (agriculture) Land use 
 

Agriculture and aquaculture (9.2.4) 
 

DS(C) River direction Human actions Dredging 
DS(D) Exposure characteristics Biotope occupancy Habitats 
DS(E) Combined scenario Sea-level change (local) 

Land use 
Agriculture and aquaculture (9.2.4), 
Climate evolution (10.2.1), Land 
uplift and depression (10.2.4) 

DS(F) Inadvertent human 
intrusion 

Human actions Inadvertent human intrusion 
(10.2.5) 
Exposure from radiation sources 
(9.2.27) 

DS(G) Deep  well Land use Construction of a well  (9.2.29), 
Well (9.2.30) 
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6.3.3 DS(C) – River direction 
Scenario driver: Human actions 

This disturbance scenario assesses the impact on the outcome of the assessment due to 
uncertainties in the evolution of the surface water bodies, focusing on the River 
Lapijoki. The assumption in this scenario is that the river may, compared with the base 
scenario, change direction during the evolution of the surface environment. 

6.3.4 DS(D) – Exposure characteristics 
Scenario driver: Ecosystem occupancy 

This disturbance scenario assesses the impact on the doses to plants and animals due to 
uncertainties in the biotope occupancy. In the base scenario it is assumed that plants and 
animals have specific occupancy preferences (e.g. that some aquatic species are found 
in freshwater but not brackish water), but that they may be found in any suitable part of 
the contaminated area of the model domain. This scenario cautiously assumes constant 
occupancy of plants and animals in the most constraining (in terms of dose rate) 
biotope. 

6.3.5 DS(E) – Combined scenario 
Scenario drivers: Sea-level change (local), Land use  

This disturbance scenario aims at maximising the area for terrestrial ecosystems during 
the assessment time window. The scenario is formulated by combining alternative 
assumptions to those of the base scenario, such as assuming lower sea level, faster 
coastline displacement and no croplands. 

6.3.6 DS(F) – Inadvertent human intrusion  
Scenario driver: Human actions 

Human intrusion, here limited to inadvertent, has been considered an issue in post-
closure safety of solid radioactive waste disposal for many years (NEA 1989). It has 
been concluded that the likelihood that human intrusion could occur should not be 
ignored in reaching an informed decision on radioactive waste management, but it is 
necessary to recognise the illustrative nature of long-term probability and consequence 
estimates of such intrusion (Smith et al. 1998). The ICRP (2000, paragraph 62) 
recommends that “one or more typical plausible stylised {human intrusion} scenarios” 
should be considered by the decision-maker to evaluate the resilience of a repository to 
postulated human intrusion events or scenarios. A project was designed within the 
BIOPROTA10 forum with the objectives of examining the technical aspects of why and 
how human intrusion into deep geological repositories might occur, considering how 
and to what degree exposure would arise to the people involved in such intrusion, 
identifying the processes that define the range of uncertainties; and hence developing 
and documenting a reference approach for evaluation of human intruder doses. This 
work is published in a BIOPROTA report (Smith et al. 2012). The most likely cause of 
intrusion is taken to be various forms of geological or other investigation by borehole 

                                                 

10 International collaboration forum which seeks to address key uncertainties in the assessment of radiation doses in the long term 
arising from releases of radionuclides as a result of radioactive waste management practices. 
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drilling. The reasons for investigation have little effect on how radiation exposure 
would most likely arise as a consequence. In the BIOPROTA report (Smith et al. 2012), 
scenarios regarding exposure from material brought to the surface are presented, 
including scenarios for those people having direct contact with contaminated material 
brought to the surface by drilling, and others who might be exposed due to 
contaminated material being left at the drill site.  

In the human intrusion scenario identified for this assessment, it is assumed that 
borehole drilling is conducted somewhere within the footprint of the repository and that 
the borehole reaches repository depth. During the drilling, it is assumed that a drill 
penetrates either a spent nuclear fuel canister (intact prior to the drill hitting it) or that a 
drill penetrates into already contaminated buffer or backfill material, i.e. without direct 
intersection of the drill with any canister. Radioactive material is then assumed to be 
brought to the surface in the drill core and causes radiation exposure of the drill crew 
and geologists performing in situ detailed (including intrusive) examination of drill 
cores. 

6.3.7 DS(G) – Deep wells 
Scenario driver: Land use 

Wells are constructed in the bedrock (by drilling or driving) or dug in the overburden 
and are used for extracting household water and watering animals. Here, the unlikely 
event that a deep (> 300 m) well is drilled at, or in the vicinity of, the site is addressed. 
It is assumed that the well intersects a water-conducting feature somewhere deep in the 
geosphere and the water drawn from the well has passed through the repository.  

Two wells, a household well and an agricultural well, are identified in this disturbance 
scenario, both focusing on a small group of exposed people. The assumption for the 
household well is that it is used by one family, or a few families, to supply household 
water; hence, drinking water is the only exposure pathway. The household well is very 
similar to the WELL scenario previously applied in safety assessments (e.g. Vieno & 
Nordman 1999, Hjerpe et al. 2010). The assumptions for the agricultural well are that it 
is used by one family to supply household water, water for irrigating crops and for 
watering cattle; hence, exposure pathways include ingestion of drinking water, crops 
and animal products. The family running the farm is self-sustaining meaning that the 
main part of the family’s food demand can be satisfied by products from their own farm. 
The agricultural well is very similar to the AgriWELL scenario previously applied in 
safety assessments (Broed et al. 2007, Hjerpe et al. 2010).  
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7 CALCULATION CASES FOR THE REPOSITORY SYSTEM  

The scenarios defined in Chapter 5 illustrate simplistically different possibilities for 
how the repository system may evolve and perform over time in terms of situations 
leading to radionuclide releases. The calculation cases defined for each of the repository 
system scenarios following STUK’s hierarchy (Tables 7-1a,b,c) take into account 
uncertainties in the models and parameter values used to represent radionuclide release, 
retention and transport. In the base scenario, a reference case is defined to which the 
results of other calculation cases can be compared. The calculation cases for the 
repository system scenarios are thus classified into three main classes: 

- A reference case, which is one model representation of the base scenario. Models 
and data for the reference case are, in most instances, selected to be either realistic 
or moderately cautious. 

- Sensitivity cases represent alternative models and/or data to those of the reference 
case, but remain within the scope of the base scenario and/or variant scenarios. 

- What-if cases are model representations of disturbance scenarios. Models and data 
for these what-if cases are selected to represent unlikely events and processes. 

Complementary cases using models and data that are not necessarily consistent with the 
base, variant and disturbance scenarios are also defined to enhance system 
understanding (Table 7-2). 
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Table 7-1a. Calculation cases for the radionuclide release base scenario for the 
repository system. 
Scenario Calculation case Short description 

BASE SCENARIO: 

Incidental deviation of 
introducing one canister 
with a penetrating defect 

of 1 mm diameter 

BS-RC Reference Case (RC) – one canister with an initial 
penetrating defect of 1 mm diameter. 

Cautious position selected from a DFN realisation 
taking into account the whole repository 

BS-LOC1 As RC; except alternative position 1 – investigates 
uncertainties in the selection of flow-related 
parameters (uncertainty in DFN realisation) 

BS-LOC2 As RC; except alternative position 2 – investigates 
the uncertainties in the selection of flow-related 
parameters (uncertainty in DFN realisation) 

BS-ANNFF Same as RC; Ag, Mo, Nb treated as anions in the 
near and far field (i.e. geosphere) – investigates 
uncertainties in the speciation of those elements. 

BS-TIME As RC; uncertainties in the time needed to 
establish a transport path from the defective 
canister (1000 years in RC and 5000 years in BS-

TIME). 

 

Table 7-1b. Calculation cases for the radionuclide release variant scenarios. 

Scenario Calculation case Short description 

VARIANT SCENARIO 1: 

Defect enlarges gradually 
due to corrosion 

VS1-BRACKISH Cautious position as in the RC – initial penetrating 
defect enlarging; degraded buffer; speciation 
appropriate to brackish water in the near and far 
field. 

VS1-HIPH Cautious position as in the RC – initial penetrating 
defect enlarging; degraded buffer; speciation 
appropriate to high pH water in the near and far 
field. 

VS1-HIPH_NF Cautious position as in the RC – initial penetrating 
defect enlarging; degraded buffer; speciation 
appropriate to high pH water in the near field 
alone. 

VARIANT SCENARIO 2: 

No initial penetrating 
defects (thin copper 

canister wall 35 mm): 
Erosion of buffer and 

subsequent corrosion of 
four canisters 

VS2-H1 

VS2-H2  

VS2-H3  

VS2-H4 

Canisters in positions 1, 2, 3, and 4 fail due to 
corrosion after the buffer is chemically eroded. 
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Table 7-1c. Calculation cases for the radionuclide release disturbance scenarios. 

Scenario Calculation case Short description 

AIC 

 Accelerated Insert 
Corrosion 

AIC-LI The insert of a defective canister with an initial 
defect starts to corrode at 1000 years after 
emplacement – releases from a leaky insert 
start also at 1000 years. Transport resistance 
is suddenly lost at 15,000 years. 

AIC-TI The insert of a defective canister with an initial 
defect starts to corrode at 1000 years after 
emplacement – no releases from a tight insert. 
Transport resistance is suddenly lost at 15,000 
years. 

RS 

Rock Shear 

RS1 Canister(s) fail as a consequence of rock-shear 
at 40,000 years after emplacement. 

RS2 Canister(s) fail as a consequence of rock-shear 
at 155,000 years after emplacement. 

RS-DIL 

Rock Shear followed of 
buffer erosion 

RS1-DIL Canister(s) fail as a consequence of rock-shear 
at 40,000 years. Buffer erosion follows the 
event whenever low ionic strength water is 
available at repository depth. 

RS2-DIL Canister(s) fail as a consequence of rock-shear 
at 155,000 years. Buffer erosion follows the 
event whenever low ionic strength water is 
available at repository depth. 

 

7.1 Calculation cases for the repository system base scenario 

7.1.1 The Reference Case 

For the base scenario a set of cautious assumptions is made taking into account a likely 
line of evolution in which most of the components in the repository system will comply 
with their safety functions, with the exception that one canister is assumed to be initially 
defective. The Reference Case (BS-RC) represents one model realisation in which: 

1. the position of the defective canister is selected based on a DFN realisation that is 
shown to be relatively unfavourable with respect to groundwater flow; 

2. excepting the one canister with an initial penetrating defect, all the other canisters 
and repository system components comply with their safety functions; 

3. no credit is taken for sorption on and precipitation of radionuclides in the possible 
corrosion products of the iron insert in the canister; 

4. the most likely groundwater composition is brackish and the sorption and diffusion 
parameters are selected accordingly. 
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7.1.2 Sensitivity case(s) 

The impact of the position of the defective canister is examined in two deterministic 
sensitivity cases (BS-LOC1 and BS-LOC2) because of the uncertainty as to where in 
the repository the defective canister will be emplaced. Except for the position of the 
canister, all other assumptions remain the same as in the Reference Case.  

The speciation of Ag-108m, Mo-93, Nb-93m and Nb-94 has been found to be uncertain 
in the near and far field (for Ag speciation see Sections 4.3.7 and 10.3.7 in Wersin et al. 
2013a, 2013b  and Ch. 15 in Hakanen et al. 2013; for Mo, see Sections 4.3.4 and 10.3.4 
in Wersin et al. 2013 and Ch. 13 in Hakanen et al. 2013; for Nb, see Sections 4.33 and 
10.3.3 in Wersin et al. 2013 and Ch. 15 in Hakanen et al. 2013). In the BS-RC their 
speciation is taken to be as cations, and as such the accessible porosity in the buffer and 
backfill (0.43 and 0.38 respectively) is larger than if these radionuclides are assumed to 
be anions. The accessible porosity for anions in the buffer and backfill is 0.08 and 0.07 
respectively. One calculation case, BS-ANNFF is defined to illustrate the impact of the 
alternative speciation for these radionuclides. 

In the Reference Case the time needed for water to contact the fuel, the Zircaloy and 
other metal parts and to establish a transport path between canister interior and exterior 
is cautiously taken to be 1000 years after the emplacement of the first canister, which, 
according to current understanding, will happen about year 2020. However, the time at 
which a transport pathway may be established is uncertain, as it depends on the 
availability of water. A deterministic sensitivity case BS-TIME is defined in which the 
time taken to establish a transport pathway from the canister interior is extended to 5000 
years. It must be noted that the impact of this uncertainty is also examined by means of 
probabilistic sensitivity analysis in the Assessment of Radionuclide Release Scenarios 
for the Repository System. 

7.2 Calculation cases for repository system variant scenarios  

The combined effect of the degraded performance of the canister and the buffer are 
assumed in variant scenarios, where the loss of the safety function of the canister is 
combined with degraded performance of the buffer (Variant Scenario 1, VS1 and 
Variant Scenario 2, VS2). The calculation cases defined for these scenarios are 
sensitivity cases to cope with the various uncertainties in the evolution of a defective 
canister, the performance of the buffer, and the groundwater flow and composition.  

7.2.1 Sensitivity cases – Variant Scenario 1 

In the Reference Case the size of the initial penetrating defect in the defective canister is 
assumed to remain constant throughout the whole assessment period. The calculation 
case VS1-BRACKISH is defined to show the impact of an enlarging penetrating defect 
(due to corrosion) along with the impact of having the buffer degraded near its interface 
with the rock (due to piping erosion and non-homogenisation of the remaining buffer 
material). The establishment of a transport path from the canister interior to exterior and 
the selected position of the canister are the same as in the BS-RC. 

The degradation of the buffer at its interface with the rock could also be caused by 
interaction with high pH water (HIPH) from cement degradation. This is taken into 
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account in defining two more calculation cases, VS1-HIPH-NF, where the presence of 
highly alkaline water is assumed only in the near field (NF) and the selection of sorption 
and diffusion parameters for the buffer is made accordingly. In case VS1-HIPH, the 
presence of highly alkaline water is assumed in both the buffer and the geosphere. 

7.2.2 Sensitivity cases – Variant Scenario 2 

In this scenario a maximum of four canisters with a non-penetrating defect that makes a 
wall thickness of 35 mm are assumed to have been emplaced at positions where the 
intrusion of low ionic strength water could be possible (see Section 7.5 and Appendix B 
in Performance Assessment). Low-ionic strength water is assumed to intrude at various 
times associated with glacial retreat and leads to chemical erosion of the buffer. No 
credit is taken for homogenisation of the buffer after chemical erosion. The absence of 
buffer may speed the transport of corroding agents (e.g. sulphide) to a relatively large 
area of the canister(s) making them fail. Four cases (VS2-H1, VS2-H2, VS2-H3, and 
VS2-H4) are defined for this scenario, one for each of the four canisters that might fail 
in one million years (see Section 7.5 and Appendix B in Performance Assessment). 

7.3 Calculation cases for repository system disturbance scenarios  

Unlikely events (occurrence of an earthquake able to cause rock shear leading to 
canister failure and canister corrosion rates out of the reasonable expected range of 
possibilities are considered in these scenarios and may be combined with less unlikely 
processes (chemical erosion of buffer bentonite). As such, the calculation cases within 
these scenarios are classified as what-if, since the scenarios themselves are what-if 
scenarios. 

7.3.1 What-if cases – Rock Shear (RS)  

The failure of a single canister as a consequence of rock shear is considered in two 
calculation cases, RS1 and RS2. These serve as a basis to calculate the consequences of 
multiple canister failures due to rock shear (see Section 11.3 in the Assessment of 
Radionuclide Release Scenarios for the Repository System).  

In RS1 canister failure due to rock shear is assumed to happen at 40,000 years AP and 
in RS2 at 155,000 years AP in connection with the establishment of the next temperate 
period after ice-sheet retreat at the end of the next glacial period. In both cases, it is 
assumed that there is immediate (at the same time rock shear happens) access of water 
to the fuel occurs and that a radionuclide transport path is established. Although no 
credit is taken for any residual transport resistance in the canister or the buffer, it is 
assumed that buffer material remains around the canister and its transport properties are 
kept.  

In both cases, porewater composition is assumed to be brackish and the solubility, 
diffusion, sorption, and distribution coefficient values are selected accordingly. Also, in 
both cases, the groundwater composition in the fracture network and the porewater in 
the rock matrix adjacent to the fractures are assumed to vary between brackish and 
glacial, with glacial water present for short intervals during glacial retreat, resulting in 
time-dependent rock matrix distribution coefficients.  
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7.3.2 What-if cases – Rock Shear and buffer erosion (RS-DIL) 

In the RS-DIL scenario, the buffer is assumed to gradually lose its safety functions after 
a rock shear event causes canister failure. The loss of the safety functions of the buffer 
is assumed to be due to the periodic penetration of low-ionic strength water to 
repository depth, as in the scenario of corrosion failure following buffer erosion, i.e. 
scenario VS2 (see Section 5.2.2).  Two calculation cases are defined within this scenario 
RS1-DIL and RS2-DIL, where rock shear is assumed to occur at the same times as in 
the RS cases above. 

In both cases, after canister failure, radionuclides are released, and as the buffer erodes 
the radionuclides sorbed onto the surfaces of the buffer are assumed to be released to 
the geosphere, either in solution or associated with bentonite colloids (see Section 12.4 
in the Assessment of Radionuclide Release Scenarios for the Repository System). Once 
substantial buffer erosion has taken place, advective conditions are assumed to become 
established between the canister and the geosphere.  

7.3.3 What-if cases – Accelerated Insert Corrosion (AIC) 

Two calculation cases are defined within this scenario, AIC-LI and AIC-TI. In AIC-LI, 
the insert, while being corroded is assumed to be permeable (LI: leaky insert) and a 
transport path from the canister interior is established after 1000 years, as in the 
Reference Case of the base scenario BS-RC. Afterwards, corrosion continues and the 
initial defect of 1 mm diameter is assumed to suddenly enlarge at 15,000 years (due to 
mechanical deformation caused by the large volume of corrosion products) and the 
transport resistance of the canister is lost.  

In AIC-TI the insert, while being corroded is assumed to be impermeable (TI: tight 
insert) and no transport path forms before 15,000 years after emplacement, when it is 
assumed that the initial defect of 1 mm diameter suddenly enlarges and the transport 
resistance of the canister is lost. 

It should be noted that the uncertainty in the timing of the loss of transport resistance is 
analysed in probabilistic sensitivity cases in a PSA in which the timing of the loss of 
transport resistance is varied between 5000 and 50,000 years after emplacement (see 
Section 11.1.1 in the Assessment of Radionuclide Release Scenarios for the Repository 
System). 
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7.4 Complementary cases for system understanding  

Complementary cases have been defined to add comprehensiveness to scenario analysis 
and repository system performance understanding. The definitions of these calculation 
cases have been chosen to illustrate the impact of model (and data) uncertainties that 
cannot be covered by the scenarios above since in the STUK’s Guide YVL D.5, 
Appendix A, it says that: “A107...The models and input data shall be consistent with the 
scenario, assessment period and disposal system...”; The models and/or input data used 
to analyse the complementary cases are not necessarily consistent with the base, variant, 
or disturbance scenarios defined above. 

Complementary cases are defined to check on the influence of 1) specific parameter 
values, 2) alternative parameter correlations, and 3) alternative conceptual models that 
are not necessarily consistent with the scenarios specified above. 

Complementary cases consider 1) groundwater types other than brackish as in the base 
scenario to check the influence of sorption, diffusion and solubility parameters on the 
results, when comparing these with the base scenario, 2) the occurrence of radionuclides 
(from e.g. crud11) other than those considered in the base scenario; 3) transport 
properties in the near field of the repository other than those considered in the base 
scenario and that may lead to the assumption of different conceptual models, 4) the 
what-if possibility that some radionuclides would be able to form either intrinsic 
colloids (i.e. colloids made of pure phases)  or any other kind of colloid in certain 
circumstances (Table 7-2). 

7.4.1 Other water types 

Two complementary cases (CS1-BRINE and CS1-HIPH) are defined to address the 
impact of other water types via their effect on solubilities, diffusion  and sorption. These 
cases are complementary to the base scenario, but it would be inconsistent to treat them 
under the base scenario because 1) the basic assumption is made in the base scenario 
that the water is brackish because of the expected evolution of the repository system, 
and 2) because brine water and alkaline (high pH) water would degrade the safety 
functions of the buffer, which is not expected in the base scenario. 

The impact of brine-related transport parameter data in the case of an enlarging defect 
(from 1 to 10 mm in 25,000 years (Variant Scenario VS1) is considered in case CS1-
BRINE-V. 

7.4.2 Impact of Crud 

The complementary case CS2-CRUD is defined to address the impact of radionuclide 
inventories other than that of spent nuclear fuel alone. Specifically the impact of the 
inventory of activation and fission products adhering to the surfaces of spent nuclear 
fuel rods (crud) is analysed.  
 

                                                 

11 corrosion and wear products (rust particles, etc.) in spent fuel bundles that have become radioactive (i.e. activated) when exposed 
to radiation in the reactor. 
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Table 7-2. Complementary calculation cases for repository system understanding. 

Uncertainty in 
models and data 

Calculation case Short description

Other Water Types  CS1-BRINE Same as RC except for the use of solubility 
and sorption values corresponding to brine 
rather than brackish water. 

CS1-HIPH Same as RC except for the use of solubility 
and sorption values corresponding to alkaline 
water. 

CS1-BRINE-V Same as VS1-BRACKISH except for the use of 
solubility and sorption values corresponding 
to brine. 

Impact of Crud  CS2-CRUD  Same as RC, but including the CRUD 
inventory. 

Near field – Alternative 
models 

CS3-FILL Same as RC, but with the penetrating defect 
filled with bentonite. 

CS3-PTBUF Same as VS1-BRACKISH excepting for the 
assumption of an extremely perturbed buffer. 

CS3-BACTHROUGH Same as RC, but assuming advective 
transfer through tunnel backfill to fractures. 

CS3-HYCON Same as RC, but with no hydraulically 
significant damage around the deposition 
hole. 

CS3-FRACAP As RC, but assuming a correlation between 
fracture transmissivity and aperture. 

CS3-COLL As VS2-H1, but assuming radionuclides migrate 
as colloids. 

Geosphere – Transport 
path delineation 

CS4-H2, CS4-H4, CS4-H4 As in VS2-H2, VS2-H3, VS2-H4, but assuming 
retardation in fractures only. 

Gas Release and 
Transport 

GAS-FC 

GAS-FC-ALLPOS 

As in AIC (Fast Corrosion), but considers 
only C-14 release as methane in a pulse; 
canister position first as in RC, but also all 
canister locations considered. 

GAS-SC 

GAS-SC-ALLPOS 

As in AIC (Slow Corrosion), but considers 
only C-14 release as methane in a pulse; 
canister position first as in RC and also all 
canister locations considered. 
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7.4.3 Alternative models for the near field 

The base and variant scenarios described above (BS and VS1) cautiously assume that, in 
the case of a defective canister, the transport of radionuclides from the canister to the 
rock takes place through the buffer to a fracture around the deposition hole, and that 
there is a damaged zone around the deposition hole. Nonetheless, other transport paths 
can be envisaged. Two cases are defined for this purpose, CS3-HYCON, where a 
damaged zone around the deposition hole is disregarded and CS3-BACTHROUGH, 
where the transport of radionuclides from the canister to the rock is assumed to take 
place through the deposition tunnel to its surrounding fractures. All other assumptions 
remain the same as in BS-RC. 

The uncertainties in the relationship between fracture aperture and transmissivity are 
examined in CS3-FRACAP, where an increased constant of proportionality between 
fracture transmissivity and aperture is assumed. The consequence of the possibility of 
having the defect in the canister filled with buffer material is examined in CS3-FILL. In 
these two cases, all the other assumptions remain the same as in BS-RC. 

In the variant scenario VS1, the buffer is assumed to be partially damaged. 
Uncertainties in the extent of damage are examined in CS3-PTBUF, where the buffer is 
assumed to be totally degraded.  

The consequences of the formation and transport of radiocolloids are examined in case 
CS3-COLL, where radiocolloids are assumed to migrate through the geosphere 
instantaneously following buffer erosion. All the other assumptions are the same as in 
VS2-H1.  

7.4.4 Uncertainty in the transport path delineation in the geosphere 

There are uncertainties in the characterisation of the transport paths from canister 
positions through the geosphere to the biosphere. Particle tracking is used to delineate 
transport paths from canister positions to the biosphere (Section 10.2 in the Assessment 
of Radionuclide Release Scenarios for the Repository System). Some of the particles get 
stacked or re-enter the EBS, thus giving no radionuclide releases to the geosphere, as 
happens in the variant scenario VS2 for the cases, VS2-H2, VS2-H3, and VS2-H4 (see 
Section 10.2 in the Assessment of Radionuclide Release Scenarios for the Repository 
System). Two complementary cases are defined to study the impact of uncertainty in the 
delineation of the paths. Thus, in the complementary cases CS4-H2, CS4-H3, and CS4-
H4  the parts of the transport paths getting stacked are omitted and “forced” to enter the 
geosphere to show how the delineation of the transport path influences radionuclide 
releases.  

7.4.5 Impact of gas release and transport 

In the AIC scenario, hydrogen gas generated by corrosion of the insert is assumed to 
have no impact on radionuclide transport, as in the base scenario, and radionuclides are 
assumed to migrate through the repository system exclusively as dissolved species. This 
includes C-14, which is assumed to be in organic gas form (methane). Four 
complementary cases are defined in which hydrogen gas from the corrosion of the insert 
provides an additional medium for the transport of C-14 in the form of methane. 
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In these cases it is also assumed that one canister with an initial penetrating defect 
(diameter of 1 mm) has been emplaced in the repository. Also, a reasonable expected 
corrosion rate for the cast iron insert (0.1 – 1 μm/year; Posiva 2010) is used, but unlike 
in the base scenario, gas pressure builds up at an uncommonly rapid rate and C-14 as 
methane is released as a pulse; in one case at 2000 years (GAS-FC) and in another case 
at 11,000 years (GAS-SC). These times correspond to higher and lower assumed values 
for the corrosion rate of the iron insert (1 m per year and 0.1 m per year, respectively: 
see Section 5.9.3 in Smith et al. 2007 and Section 6.1.4 in Nykyri et al. 2008). This 
scenario is non-physical and thus highly hypothetical, since gas generation inside the 
canister would prevent water ingress (although water vapour could still enter by 
diffusion), diminish corrosion rates, and thus also gas generation and release rates. Gas 
release from the near field is presumed to be independent of the position of the defective 
canister. However, canister position could potentially affect geosphere retention and 
transport, especially if the gas dissolves. Thus, the analysis considers the possibility that 
(i), gas-mediated transport conveys C-14 rapidly through the geosphere (complementary 
cases GAS-FC and GAS-SC, which consider, respectively, faster and slower corrosion 
rates) or that (ii), the gas, including C-14, dissolves in the geosphere, such that dissolved 
C-14 is transported by advection and is retarded by matrix diffusion.  In this latter case, 
the release rate to the surface environment is affected by the defective canister position 
and all potential positions are considered in the analysis (complementary cases GAS-
FC-ALLPOS and GAS-SC-ALLPOS).  
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8 CALCULATION CASES FOR THE SURFACE ENVIRONMENT 
SCENARIOS 

A stated above it is not feasible to identify the most likely lines of evolution for the 
entire surface environment (Section 2.4), thus it is not possible to rank the surface 
environment base and variant scenarios according to their likelihood of occurrence. In 
order to facilitate a clear communication of the safety assessment results, the biosphere 
Reference Case (BSA-RC) is the calculation case used to interpret the surface 
environment base scenario and all other biosphere calculation cases are identified as 
either sensitivity cases arising under variant scenarios or what-if cases under 
disturbance scenarios. 

The BSA-RC together with the sensitivity cases are the principal computations used to 
demonstrate compliance with regulatory requirements. The calculation cases for the 
variant scenarios aim also to investigate the impact of individual uncertainties, or 
uncertainties in combination, and the numerical results are used to demonstrate 
robustness of compliance with the regulatory requirements. Finally, the disturbance 
scenarios are used to demonstrate robustness to extreme situations (either in the 
biosphere or in the repository). The associated cases are what-if cases, and, as such, they 
do not necessarily have to show compliance with regulatory radiation dose constraints.  

The identification of calculation cases, as well as the analysis of them, is implemented 
as a step-wise process taking into account the connection between each sub-process in 
the biosphere assessment (c.f. Figures 2-1 and 2-2 in Biosphere Assessment). In each 
sub-process, the FEPs to be addressed within the scenario description are identified and 
models and parameter values are selected accordingly. This is done independently for 
the terrain and ecosystems development modelling (TESM), the surface- and near-
surface hydrological modelling (SHYD), the landscape modelling (LSM) set-up, the 
radionuclide transport (RNT) modelling, and the radiological impact assessment (RIA). 
It is also ensured that the settings for each sub-process model are consistent both with 
each other and with the scenario to be analysed. 

A major development in the present assessment is that a comprehensive number of 
calculation cases in terrain and ecosystem modelling have been identified and analysed 
for the scenarios presented in Chapter 6. These TESM calculation cases are separately 
addressed in Section 8.1. It must be noted that the projections (the outcome from 
analysing the TESM calculation cases) are produced prior to identifying the full set of 
calculation cases including the rest of the biosphere assessment modelling chain. The 
reason for doing this is that only a few projections are propagated to the sub-sequent 
biosphere assessment modelling, and the choice as to which projections to select has to 
be based on the analysis results. Then, biosphere calculation cases including the rest of 
the biosphere assessment modelling chain are identified for the scenarios (Sections 8.2 
to 8.4). It should be noted that not all variant and disturbance scenarios are analysed 
with the full modelling chain; some scenarios are formulated and analysed only with 
TESM.  

The source term or input for the analysis of the biosphere calculation cases is the result 
of the repository calculation cases that give radionuclide releases within the dose 
assessment time window. Because the Reference Case (BSA-RC) is the computation 
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with which the results of other calculation cases are compared, most of the repository 
calculation cases propagated to the biosphere are analysed with BSA-RC (see 
Section 8.5). 

8.1 Calculation cases in terrain and ecosystems development modelling  

In the present assessment, a number of TESM calculation cases have been identified and 
analysed, see Table 8-1. As said above, the projections from only a few calculation 
cases analysed are then selected to be propagated to the subsequent biosphere 
assessment modelling. The reasons for not propagating all these cases are that SHYD 
and LSM are resource intensive and that most projections are considered to be similar to 
the Reference Case projections or bounded by the propagated calculation cases (details 
in Terrain and Ecosystems Development Modelling). 

The key scenario drivers for the development of the terrain and ecosystems are sea level 
change (local) and land use. The most important FEPs are climate evolution, land uplift 
and agriculture. In addition to these, FEPs such as position of the groundwater table, 
peat growth, reed bed delineation, river boundaries, terrestrial and aquatic erosion are 
important. 

Table 8-1. Calculation cases analysed in terrain and ecosystem modelling (TESM).  

TESM case Scenario Modelling aspects 
differing from the 
Reference Case 

Comments 

Reference Case Base 
Scenario 

  

Clim_A2 VS(B) Sea level, precipitation 
and the boundary 
condition for the upstream 
river discharges. 

Alternative climate according to the climate 
simulation A2 (a.k.a. S1; Pimenoff et al. 2012)  high 
greenhouse gas emissions: all known fossil fuel 
reserves consumed during the next couple of 
centuries. 

Clim_B1 VS(B) Sea level, precipitation 
and the boundary 
condition for the upstream 
river discharges. 

Alternative climate according to the climate 
simulation B1 (a.k.a. S2; Pimenoff et al. 2012)  low 
greenhouse gas emissions. 

Agri_maxArea VS(C) Extent of agriculture. Maximum reasonable extent of agricultural land: 
smaller minimum size of a field and fine mineral soils 
assumed suitable for all crop types.  

Agri_maxPast VS(C) Extent of agriculture. Maximum reasonable extent of land for pasture – 
maximises the amount of animal products from 
grazing livestock. 

Agri_variable VS(C) Crop type distribution. The location and crop type are reassigned at each 
time step of the simulation. 

Terr_maxAgri VS(G) Land uplift, sea level, 
precipitation, the boundary 
condition for the upstream 
river discharges and the 
extent of agriculture. 

Combination of cases Clim_A2, Agri_maxArea, 
Sedim_lake, and Uplift_statistical  maximum 
reasonable extent of terrestrial areas and agriculture. 

Clim_highsea DS(A) Sea level. Higher sea level is artificially constructed by 
assuming early timing for events resulting in 
increases in sea level (see uncertainties in Pimenoff 
et al. 2012). 

Agri_none DS(B) Extent of agriculture. No croplands or pastures exist at the site. 

LapijokiS DS(C) Route of one of the main 
rivers. 

The Lapijoki River is forced to take a route south of 
Olkiluoto. 
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TESM case Scenario Modelling aspects 
differing from the 
Reference Case 

Comments 

Lapijoki_S_div DS(C) Land uplift and route of 
one of the main rivers. 

The Lapijoki River is forced to take a route south of 
Olkiluoto, combined with an assumption of tilting of 
Lake Säkylän Pyhäjärvi enough to form another 
outlet connecting to the Lapijoki River. 

Terr_noAgri DS(E) Land uplift, sea level, 
precipitation, the boundary 
condition for the upstream 
river discharges and the 
extent of agriculture. 

Combination of cases Clim_A2, Agri_none, 
Sedim_lake, and Uplift_statistical  maximum 
reasonable extent of terrestrial areas but without 
agriculture. 

DTM_smooth (a) Topography. Alternative topography: a smoother (low-pass filtered) 
surface within the statistical topographic model. 

DTM_steep  (a) Topography. Alternative topography: a contrasting surface 
emphasising local minima and maxima within the 
statistical topographic model. 

Eros_terr 

 

(a) Erosion in terrestrial 
areas. 

Constant erosion rates applied for cropland areas. 

Sedim_lake 

 

(a) Sedimentation in lakes. Likely overestimated sedimentation to lakes but 
within reasonable limits. 

Stream_loc (a) Erosion of stream 
channels and lake 
thresholds; also 
topography, land uplift and 
sedimentation in lakes. 

Establishment of fixed stream channels and erosion 
of lake outlet thresholds disabled in the model, with 
further enhancing the potential changes by combining 
with the cases DTM_smooth, Sedim_lake and 
Uplift_statistical. 

Uplift_curve (a) Land uplift. Application of a regional shoreline displacement 
curve fitting to the observations without taking into 
account the spatial variability (mainly tilting of the 
crust).  

Uplift_statistical 

 

(a) Land uplift. Statistical method to derive land uplift parameters 
including also archaeological evidence, in addition to 
the geological shore-level dating observations used 
in the Reference Case. 

 (a) Complementary calculation cases not directly identified to analyse a scenario; assumptions, models and/or data 
selected with the primary aim of enhancing the understanding of the behaviour of the terrain and ecosystems 
development model. 

8.2 Calculation cases within the biosphere base scenario 

The Reference Case (BSA-RC) is the only one within the base scenario. The analysis 
and data used for this case are presented in detail in Chapter 5 of Biosphere Assessment. 
This and the repository calculation Reference Case (BS-RC) connect the entire disposal 
system in what is considered to be the most likely and credible lines of evolution. 

BSA-RC comprises a set of Reference Case models (denoted REF in Table 8-2) for the 
terrain and ecosystems development modelling (TESM), the surface- and near-surface 
hydrological modelling (SHYD), the landscape modelling (LSM) set-up, the 
radionuclide transport (RNT) modelling, and the radiological impact assessment (RIA).  

8.3 Calculation cases within variant scenarios 

The biosphere calculation cases that include the full biosphere assessment modelling 
chain within variant scenarios are summarised in Table 8-2.  
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Within the variant scenario VS(A) addressing uncertainties in the discharge locations to 
the surface environment, two calculation cases, VS(A)-SOUTH1 and VS(A)-SOUTH2, 
are defined (Table 8-2). In both calculation cases, the Reference Case TESM projections 
are used (Table 8-1). A different landscape model from the Reference Case LSM is 
needed, since the potentially contaminated areas due to the alternative discharge 
locations are not covered by landscape model for the Reference Case (details in 
Biosphere Assessment, Section 6.3.2). The assumptions in the RNT model also differ; 
this due to the radionuclide releases from the geosphere being introduced into the 
landscape model in biosphere objects that differ from those in the Reference Case. The 
assumptions and models in the RIA are the same as in the Reference Case.  

The projections for the four calculation cases analysed in the TESM for variant 
scenarios VS(B) and VS(C) are not propagated further in the biosphere assessment 
modelling, hence no calculation cases for these scenarios are included in Table 8-2. 

Within the variant scenario VS(D) addressing uncertainties in how humans use the land, 
focusing on the construction of wells to extract drinking water, two calculation cases, 
VS(D)-WELL and VS(D)-NO_WELL, are defined. The case VS(D)-WELL assumes 
more wells than in the Reference Case, and VS(D)-NO_WELL assumes that there are 
no wells (see Table 8-2).  

Within the variant scenario VS(E) addressing uncertainties in the assumptions 
underlying radionuclide transport, three calculation cases, VS(E)-RNT-1 and  
VS(E)-RNT-2 are defined. In the case VS(E)-RNT1, radionuclide releases from the 
geosphere to the biosphere are assumed to be directly into the rooting zone in terrestrial 
and agricultural ecosystems, and into the water column in aquatic ecosystems. In the 
case VS(E)-RNT-2, the activity concentration in the upper 30 cm soil layer is assumed 
to be available for transfer to edibles.. 

Within the variant scenario VS(F) addressing uncertainties in the human dietary profile, 
three cases, VS(F)-FINDIET, VS(F)-VEG and VS(F)-FISH, are defined. The Reference 
Case assumes no preferences when defining the dietary profile. The case VS(F)-
FINDIET assumes that the various food groups are consumed to the same extent as by 
the present-day Finnish population (based on the The National FINDIET 2007 Survey, 
Paturi et al. 2008). The case VS(F)-VEG assumes a vegetarian dietary profile with no 
consumption of meat or fish. The case VS(F)-FISH assumes a dietary profile for high-
rate consumers of fish (based on the Results from the Fishermen study and the Health 
2000 survey, Turunen et al. 2009). No doses to animals and plants are calculated in 
these cases, as they would be identical to the values calculated for the Reference Case. 

VS(G)-COMBI is the only case defined within the variant scenario VS(G), where the 
uncertainties in climate evolution, land uplift and depression, agriculture and 
aquaculture are combined. In this case, the extent of the areas dedicated to agriculture is 
maximised. The TESM projections used are those of Terr_maxAgri (Table 8-1) which 
necessitates corresponding SHYD and LSM models (see Table 8-2). 
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Table 8-2. Biosphere calculation cases within the base and variant scenarios. REF in 
the table stands for Reference Case model; other names for the cases in the sub-process 
modelling indicate that alternative models are used or assumptions are made.  

Calculation case Calculation case in the sub-process modelling Comments 

TESM SHYD LSM RNT RIA 

BSA-RC REF REF REF REF REF Reference Case for 
the base scenario 
for the entire 
disposal system.  

VS(A)-SOUTH1 REF REF SOUTH Southern_1 REF Uncertainties in 
discharge locations 
to the biosphere. 

VS(A)-SOUTH2 REF REF SOUTH Southern_2 REF Uncertainties in 
discharge locations 
to the biosphere. 

VS(D)-WELL REF MORE_WELLS REF REF REF More wells than in 
the Reference Case 

VS(D)-NO_WELL REF NO_WELLS REF REF REF No wells.  

VS(E)-RNT1 

 

REF REF REF RNT1 REF Geosphere releases 
routed to alternative 
compartments 
compared with the 
BSA-RC. See main 
text.   

VS(E)-RNT2 REF REF REF RNT2 REF Activity 
concentration in the 
upper 30 cm soil 
layer available for 
transfer to edibles 

VS(F)-FINDIET REF REF REF REF FINDIET Dietary profile based 
on present-day 
average 
consumption 
statistics. 

VS(F)-VEG REF REF REF REF VEG Dietary profile with 
no consumption of 
meat and fish.  

VS(F)-FISH REF REF REF REF FISH Dietary profile for 
high-rate consumer 
of fish.  

VS(G)-COMBI Terr_ma
xAgri 

Terr_maxAgri Terr_maxAgri Terr_maxAgri REF Combination of 
uncertainties in sea 
level and climate, 
and assumes 
extensive 
agriculture. 

 

8.4 Calculation cases within disturbance scenarios 

The projections for the TESM calculation cases analysed for the disturbance scenarios 
DS(A), DS(B), DS(C) and DS(E) (Table 8-1) are not propagated further in the 
biosphere assessment modelling. 

Only one biosphere calculation case, DS(D)-HABITAT, including the full biosphere 
assessment modelling chain within disturbance scenarios has been identified. The 
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disturbance scenario DS(D) takes into account unlikely exposure characteristics for  
plants and animals, which depend on their habitat. The calculation case 
DS(D)-HABITAT assumes that the typically exposed organisms live in the most 
contaminated object; the Reference Case assumes that the typically exposed organisms 
live in an object with typical (average) contamination. In this case the same TESM, 
SHYD, and LSM models as in the Reference Case are used. No doses to humans are 
calculated in this case as they would be identical to the values in the Reference Case. 

In the inadvertent human intrusion disturbance scenario DS(F), six calculation cases are 
defined (summarised in Table 8.3). These cases are based on the work performed within 
the BIOPROTA forum (reported in Smith et al. 2012) and differ significantly from the 
analysis of the calculation cases following the main biosphere assessment modelling 
chain. In all human intrusion cases, it is assumed that borehole drilling (e.g. for 
geothermal energy purposes) is conducted somewhere within the footprint of the 
repository and reaches repository depth. 

Table 8-3. Biosphere calculation cases within disturbance scenarios addressing 
inadvertent human intrusion and deep wells. 

Calculation cases Comments 

DS(F)-HI-CANISTER-D Drilling through an intact spent nuclear fuel canister; Drill 
crew exposed in the process. 

DS(F)-HI-CANISTER-G Drilling through an intact spent nuclear fuel canister; 
Geologist exposed when examining a drill core. 

DS(F)-HI-BUFFER-D Drilling through contaminated buffer material; Drill crew 
exposed in the process. 

DS(F)-HI-BUFFER-G Drilling through contaminated buffer material; Geologist 
exposed when examining a drill core. 

DS(F)-HI-BACKFILL-D Drilling through contaminated backfill material; Drill crew 
exposed in the process. 

DS(F)-HI-BACKFILL-G Drilling through contaminated backfill material; Geologist 
exposed when examining a drill core. 

DS(G)-HOUSEHOLD_WELL(a) Deep well used to supply household water. 

DS(G)_AGRICULTURAL_WELL(a) Deep well used to supply household water, irrigation 
water and water for cattle. 

(a) The analysis of these cases is a set of dose conversion factors (DCFs) that can be applied on any 
geosphere releases to obtain annual doses (see also Table 8-4). 
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In two calculation cases, DS(F)-CANISTER-D and DS(F)-CANISTER-G, it is assumed 
that drilling hits an intact canister and spent nuclear fuel is brought up to the surface. In 
the case DS(F)-CANISTER-D it is members of the drill crew who are exposed and in 
the case DS(F)-CANISTER-G it is a geologist exposed when examining drill core(s) in 
situ. In two calculation cases, DS(F)-BUFFER-D and DS(F)-BUFFER-G, it is assumed 
that drilling is performed in the vicinity of an initially defective canister and 
contaminated buffer is brought up to the surface. The assumptions regarding the 
defective canister are the same as in the Reference Case for the repository system (BS-
RC). As for the cases involving a direct hit on an intact canister, the two defined cases 
address exposure of both members of the drill crew and a geologist. The two calculation 
cases, DS(F)-BACKFILL-D and DS(F)- BACKFILL-G, are similar to DS(F)-BUFFER-
D and DS(F)-BUFFER-G, with the difference that the drilling brings contaminated 
backfill up to the surface.  

In the deep well disturbance scenario DS(G), two calculation cases, DS(G)-
HOUSEHOLD_WELL and DS(G)-AGRICULTURAL_WELL, are defined (see 
Table 8-3). The case DS(G)-HOUSEHOLD_WELL is based on the WELL case (e.g. 
Vieno & Nordman 1999, Hjerpe et al. 2010) and the case DS(G)-
AGRICULTURAL_WELL is based on the case AgriWELL (Broed et al. 2007, Hjerpe 
et al. 2010), both applied in previous safety assessments. The calculation cases are 
stylised and hence differ significantly from the analysis of the calculation cases 
following the main biosphere assessment modelling chain. DS(G)-
HOUSEHOLD_WELL considers a drilled deep well used by a families to supply 
household water. This case considers ingestion of drinking water as the only exposure 
pathway. DS(G)-AGRICULTURAL_WELL considers a drilled deep well used by a 
family to supply household water, water for irrigating crops and watering cattle. In 
addition to the ingestion of drinking water exposure pathway, this case considers 
ingestion of crops and animal products contaminated by the radionuclides in the well 
water. The analysis of these deep well cases results in a set of dose conversion factors 
(DCFs) that can be applied to any geosphere releases to obtain annual doses (see also 
Table 8-4). 

8.5 Link between repository and biosphere calculation cases  

Not all repository system calculation cases have to be propagated to the biosphere 
assessment and analysed with one or more biosphere calculation cases. The logic for 
whether a repository system calculation case is propagated to the biosphere assessment 
or not is as follows: 

 The repository system Reference Case is propagated to the biosphere assessment; 

 Repository system sensitivity and what-if calculation cases under the base, variant and 
disturbance scenarios are propagated to the biosphere assessment only if they have 
activity releases to the surface environment during the dose assessment time window. 

 Repository system complementary calculation cases are not propagated to the 
biosphere assessment, since the main purpose of these is to enhance the understanding 
of the repository system, or certain components of the system. 



102 

 

Hence, the repository system Reference Case (BS-RC) and all sensitivity and what-if 
cases giving geosphere releases within the dose assessment time window are addressed 
in the biosphere assessment. The main principle is then that the repository system 
Reference Case is analysed with all identified biosphere calculation cases, and all other 
repository calculation cases are analysed with the biosphere Reference Case (BSA-RC). 
An exception to this principle is the repository calculation cases that lead to geosphere 
release to the south of the present-day Olkiluoto Island (BS-LOC1 and BS-LOC2); for 
these it is more suitable to use the characteristics of this area in the biosphere analysis. 
The other exception to this principle is the biosphere what-if cases addressing deep 
wells; these are applied to all repository calculation cases.  

Applying the logic above, it results in nine of the repository calculation cases (see 
Assessment of Radionuclide Release Scenarios for the Repository System) being 
propagated to the biosphere assessment and analysed with biosphere calculation cases. 
The propagated repository calculation cases, the biosphere calculation cases to apply in 
the analysis and the name of the resulting calculation case that is analysed with the 
biosphere full modelling chain are presented in Table 8-4. 
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Table 8-4. Repository calculation cases propagated to the biosphere assessment, the 
biosphere calculation cases used in the analysis and the name of the resulting 
calculation case that is analysed with the biosphere full modelling chain.  

Repository 
calculation case 

Description of Repository 
Calculation Case 

Biosphere Calculation Case/s 
applied in the analysis  

Resulting 
calculation case 

combination 

BS-RC Deposition hole location for the 
defective canister leading to releases 
to the surface environment north of the 
present-day Olkiluoto Island. 

All biosphere calculation cases for 
the relevant discharge locations,  

All cases within the human 
intrusion and deep well scenarios 

BSA-RC  

BS-LOC1 Sensitivity case assuming an 
alternative canister location leading to 
releases to the surface environment 
south of the present-day Olkiluoto 
Island. 

VS(A)-SOUTH1 

DS(G)-HOUSEHOLD_WELL 

DS(G)-AGRICULTURAL_WELL 

VS(A)-SOUTH1 

BS-LOC2 Sensitivity case assuming an 
alternative canister location leading to 
releases to the surface environment 
south of the present-day Olkiluoto 
Island. 

VS(A)-SOUTH2 

DS(G)-HOUSEHOLD_WELL 

DS(G)-AGRICULTURAL_WELL 

VS(A)-SOUTH2 

BS-ANNFF Sensitivity case assuming alternative 
near-field and geosphere speciation. 

BSA-RC 

DS(G)-HOUSEHOLD_WELL 

DS(G)-AGRICULTURAL_WELL 

BSA-ANNFF 

BS-TIME Sensitivity case assuming delayed 
establishment of transport path. 

BSA-RC 

DS(G)-HOUSEHOLD_WELL 

DS(G)-AGRICULTURAL_WELL 

BSA-TIME 

VS1-BRACKISH Sensitivity case assuming reduced 
buffer thickness. 

BSA-RC 

DS(G)-HOUSEHOLD_WELL 

DS(G)-AGRICULTURAL_WELL 

BSA-BRACKISH 

VS1-HIPH Sensitivity case assuming reduced 
buffer thickness and high pH water. 

BSA-RC 

DS(G)-HOUSEHOLD WELL 

DS(G)-AGRICULTURAL WELL 

BSA-HIPH 

VS1-HIPH_NF Sensitivity case assuming reduced 
buffer thickness and high pH (near-
field only). 

BSA-RC 

DS(G)-HOUSEHOLD WELL 

DS(G)-AGRICULTURAL WELL 

BSA-HIPH_NF 

AIC-LI What-if case assuming a high insert 
corrosion rate, causing a sudden loss 
of transport resistance of the defect 
after 15 000 years. Identical to BS-RC 
in the dose assessment time window. 

BSA-RC 

DS(G)-HOUSEHOLD WELL 

DS(G)-AGRICULTURAL WELL 

BSA-AIC-LI 
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9 SUMMARY AND DISCUSSION ON COMPREHENSIVENESS 

The context and contents of the current safety case for the construction license 
application are summarised in the introduction to this report. Concerning the 
formulation of the radionuclide release scenarios for the repository system, this report is 
the link or bridge between Performance Assessment and Analysis of Radionuclide 
Release Scenarios for the Repository System. These two reports and this one make use 
of the Features, Events and Processes (FEPs) that potentially could affect the disposal 
system and that have been defined in Features, Events and Processes. 
 
The formulation of radionuclide release scenarios for the surface environment brings 
together Biosphere Description and the surface environment FEPs and is the link or 
bridge to the assessment of the surface environment scenarios. The assessment of the 
surface environment scenarios is summarised in Biosphere Assessment and discussed in 
detail in: Terrain and Ecosystems Development Modelling, Surface and Near-Surface 
Hydrological Modelling, Biosphere Radionuclide Transport and Dose Assessment, and 
Dose Assessment for Plants and Animals. 
 
9.1 Scenario formulation strategy 

Firstly, the Finnish regulatory guidelines in Guide YVL D.5, which are in accordance 
with the IAEA Safety Standard Series No. GSR Part 4 (IAEA 2009), SSG-14 (IAEA 
2011) and SSG-23 (IAEA 2012), have been followed. A comprehensive set of safety 
functions for the repository system components has been identified and reported in 
Design Basis and assessed in Performance Assessment under the framework of the 
expected or normal evolution of the repository system. This assessment is done taking 
into account all evolution-related FEPs (see Features, Events and Processes) along with 
groundwater flow (advection) and water-rock interactions (groundwater chemistry). In 
the expected evolution, no canister failure occurs during the first 10,000 years after 
emplacement and not even within the first 100,000 years. 
 
Performance Assessment highlights the uncertainties in the initial state of the 
components of the repository system and specifically of the canister, and the 
uncertainties in the evolution of the repository system with respect to containment and 
retention of radionuclides. These uncertainties are propagated to the Formulation of 
Radionuclide Release Scenarios and dealt with by selecting individual FEPs or 
combination of FEPs to form scenarios that ultimately lead to canister failure over a 
timescale of one million years. 
 
Whenever radionuclide releases occur within the time window of the first ten thousand 
years after canister(s) emplacement, the results of the calculation cases within the 
repository release scenarios are fed to the surface environment scenarios (see 
Appendix 4). The formulation of these follows the Finnish regulatory guidelines in as 
much as that the characteristics of the Olkiluoto site and uncertainties in its 
development (throughout the analysis of a comprehensive set of surface environment 
FEPs) are taken into account. 
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9.2 A comprehensive set of scenarios? 

To claim that the set of formulated repository system scenarios is comprehensive it is 
necessary to check if all the relevant FEPs have been taken into account. The scenarios 
are formulated to ascertain the impact of uncertainties in the initial state and evolution 
of the repository system, which have been highlighted in Performance Assessment. In 
that report the most relevant evolution-related FEPs were taken into account, therefore it 
remains to check what other FEPs have been included in the base, variant, and 
disturbance scenarios, as well as in the complementary cases. 
 
Table 9-1 shows the repository system related FEPs with colour codes. Most of the non-
coloured FEPs have been taken into account either in complementary cases (e.g. colloid 
transport) or in groundwater flow modelling (e.g. degradation of auxiliary components 
for whatever the reason, most backfill evolution-related processes, erosion and 
sedimentation in fractures, etc.).  Criticality and possible scenarios dealing with it will 
be treated in the next iteration of the safety case, though there is little possibility of post-
disposal criticality either within or outside waste packages (see Features, Events and 
Processes). Freezing and thawing has been shown not to have detrimental effects on the 
buffer, backfill, and auxiliary components. Moreover it has been shown to be extremely 
unlikely that permafrost will reach repository depth. 
 
In all the scenarios, the alteration and dissolution of the spent nuclear fuel matrix (FEP 
3.2.8 in Features, Events and Processes), radioactive decay (FEP 3.2.1), and the release 
of the labile fraction of the inventory (FEP 3.2.9) are taken into account. Heat 
generation (FEP 3.2.2) and heat transfer (3.2.3) from the spent nuclear fuel are taken 
into account in the design of the layout of the disposal facility as well as in the 
modelling of groundwater flow (see FEPs in yellow in Table 9-1). Although 
precipitation and co-precipitation are conservatively not taken into account in 
radionuclide migration calculations, they are nonetheless accounted for in calculating 
solubility limits. These limits are applied in all the scenarios. 
 
In the base scenario, all migration FEPs are taken into account with the exception of 
colloid transport (FEPs 4.3.6/5.3.6/6.3.6/8.3.6 in the Features, Events and Processes 
report) and advection in the canister, buffer and backfill (FEPs 4.3.5/5.3.5/6.3.5).  
 
In variant scenario VS1, the partial degradation of the buffer is taken explicitly into 
account due either to piping and erosion (FEP 5.2.3) or to montmorillonite 
transformation (5.2.3). The influence of microbial activity (5.2.8/8.2.10) on corrosion 
rates is taken into account indirectly. All migration FEPs are also taken into account, 
again with the exception of colloid transport, (see FEPs in yellow and green in Table 9-
1). 
 
In variant scenario VS2, the buffer is gradually degraded due to chemical erosion (FEP 
5.2.4), and transported as colloids (5.3.6) because of adverse groundwater chemistry 
(FEP 8.2.7). The canister is gradually corroded (FEPs 4.2.5, 4.2.6, 4.2.7) with or 
without the aid of microbial activity (8.2.10) (see FEPs in yellow, green and blue in 
Table 9-1). 
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Table 9-1. Repository system components, FEPs and Scenarios. 

Components SPENT 
FUEL 

CANISTER BUFFER BACKFILL AUXILIARY 
COMPONENTS 

GEOSPHERE* 
 
Evolution Radioactive 

decay (and 
ingrowth) 

     

Heat 
generation 

Radiation 
attenuation 

    

Heat 
transfer 

Heat 
transfer 

Heat transfer Heat transfer  Heat transfer 

Structural 
alteration of 
fuel pellets 

Deformation Water uptake 
and swelling 

Water uptake 
and swelling 

 Stress 
redistribution 

Radiolysis of 
residual 
water  (i.c.) 

Thermal 
expansion 
of the 
canister 

Piping and 
erosion 

Piping and 
erosion 

 Reactivation-
displacements 

Radiolysis of 
the canister 
water 

Corrosion of 
the copper 
overpack 

Chemical 
erosion 

Chemical 
erosion 

 Spalling 

Corrosion of 
cladding 
tubes 

Corrosion of 
the cast iron 
insert 

Radiolysis of 
porewater 

  Creep 

Alteration & 
dissolution 
of the fuel 
matrix 

Stress 
corrosion 
cracking 

Montmorillonite 
transformation 

Montmorillonite 
transformation 

Chemical 
degradation 

Erosion and 
sedimentation 
in fractures 

Release of 
IRF 

 Alteration of 
accessory 
minerals 

Alteration of 
accessory 
minerals 

Physical 
degradation 

Rock-water 
interaction 

Production 
of He gas 

 Microbial 
activity 

Microbial 
activity 

 Microbial 
activity 

Criticality  Freezing and 
thawing 

Freezing and 
thawing 

Freezing and 
thawing 

 

Migration Aqueous 
solubility 
and 
speciation 

Aqueous 
solubility 
and 
speciation 

Aqueous 
solubility and 
speciation 

Aqueous 
solubility and 
speciation 

Transport 
through 
auxiliary 
components 

Aqueous 
solubility and 
speciation 

 Precipitation 
and co-
precipitation 

Precipitation 
and co-
precipitation 

Precipitation 
and co-
precipitation 

Precipitation 
and co-
precipitation 

 Precipitation 
and co-
precipitation 

 Sorption  Sorption Sorption Sorption  Sorption 

 Diffusion Diffusion Diffusion Diffusion  Diffusion 

  Advection Advection Advection  Advection 

  Colloid 
transport 

Colloid 
transport 

Colloid 
transport 

 Colloid 
transport 

  Gas 
transport 

Gas transport Gas transport  Gas transport 

* Methane hydrate formation and salt exclusion are neither explicitly nor  implicitly dealt with  in any scenario because they are 

highly unlikely 

 All these FEPs are taken into account implicitly or explicitly in all the radionuclide release scenarios 

 All these FEPs are taken into account in the Variant Scenario 1. Also in AIC excepting piping and erosion 
and montmorillonite transformation 

 This FEP is taken explicitly into account in the Variant Scenario 2 along with all the FEPs in green with the 
exception of piping and erosion. It is also taken into account in RS-DIL 

 These FEPs are taken explicitly into account in all RS scenarios 

 FEPs that are not taken into account explicitly in the formulation of radionuclide release scenarios 
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The rock shear in the disturbance scenarios RS and RS-DIL takes into account the 
reactivation and displacement of fractures (FEP 8.2.3) as well as deformation of the 
canister(s) (FEP 4.2.3) as it breaches (see also FEPs in orange and yellow). The canister 
may fail easily as a consequence of rock shear if it has been affected by corrosion, 
which is not explicitly taken into account, but the VS2 scenario encompasses this 
possibility. In RS-DIL, the FEPs in blue and advection in the buffer (FEP in green) are 
also taken into account. 
 
The disturbance scenario AIC explicitly takes into account corrosion and deformation of 
the canister. The accelerated insert corrosion could also be an effect of microbial 
activity (see also FEPs in yellow in Table 9-1). 
 
The surface environment scenarios take into account the FEPs addressed in Chapter 9, 
and relevant external FEPs in Chapter 10, in the Features, Events and Processes. How 
the FEPs have been treated throughout the biosphere assessment is summarised in 
Biosphere Assessment, Appendix 1. 
 
Based on the explanations above it can be said that the repository system scenarios are 
comprehensive, since all the identified FEPs influencing long-term safety have been 
taken into account.  
 
The set of surface environment scenarios is not yet as thoroughly scrutinised for 
comprehensiveness as the repository system scenarios are. The work is in progress and 
will mature during the next iteration of the safety case. However, it is the view of Posiva 
that the set of scenarios is sufficiently comprehensive to support the construction licence 
application.  
 
9.2.1 Combinations of repository system scenarios 

The radionuclide release scenarios above have each been considered individually. The 
scenarios are not, however, all mutually exclusive. For example, it is not impossible that 
one of the earthquake/rock shear scenarios occurs when the repository also contains one 
or more canisters with initial penetrating defects. If the rock shear event affected the 
defective canisters, then the radionuclide release due to rock shear would be reduced 
compared with a scenario considering an initial penetrating defect alone, since the initial 
release fraction (IRF) radionuclides would already have been released. The likelihood of 
a rock shear event affecting a defective canister is, however, much lower than that of it 
affecting an intact canister, since there will be very few defective canisters present, if 
any. Thus, it is appropriate to sum the time-histories of releases from the two scenarios, 
assuming them to be independent. 

All possible binary combinations of the base, variant and disturbance scenarios have 
been considered qualitatively. It is found, however, that many of the combinations can 
be excluded from further analysis, for example, because the releases due to one scenario 
are far larger than those due to another. Thus, only three combinations are carried 
forward to analysis. This process is summarised in Table 9-2 and discussed in detail in 
Assessment of Radionuclide Release Scenarios for the Repository System. 
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Table 9-2. Possible binary combinations of radionuclide release scenarios. 
Combinations shown in red are excluded from further analysis for the reasons 
summarised in the numbered notes, below. Combinations shown in green are analysed 
in Assessment of Radionuclide Release Scenarios for the Repository System. 

Scenario       

Base scenario (BS) ×      

Enlarging defect/degradation 
of buffer (VS1) 1 ×     

Corrosion failure following 
buffer erosion (VS2) 

Retained 
for 

analysis  
3 ×    

Accelerated insert corrosion 
rate (AIC) 1 3 

Retained 
for 

analysis 
×   

Earthquake and rock shear 
(RS) 

Retained 
for 

analysis 
2, 3 2 2 ×  

Rock shear followed by 
buffer erosion (RS-DIL) 

Retained 
for 

analysis 
3 

Retained 
for 

analysis 

Retained 
for 

analysis 
1 × 

 BS VS1 VS2 AIC RS RS-DIL 

Notes: 

1: Excluded since the two scenarios are mutually exclusive or inconsistent (e.g. relates to an 
uncertain process that is assumed significant in one scenario but not in the other). 

2: Excluded since combinations involving RS-DIL rather than RS are more penalising, and 
both include the same rock shear canister failure mode.  

3: Excluded since combinations involving AIC rather than VS1 are more penalising, and 
both include the same key process of defect enlargement. 

 
  
9.3 Final remarks 

The formulation of scenarios follows the Finnish regulations in Guide YVL D.5 and the 
Government Decree 736/2008. 
 
The entire disposal system has been taken in to account in formulating the scenarios. 
Climate and climate evolution constitute the envelope for the evolution of the disposal 
system. In the expected/normal evolution, no canister failures are projected to occur in 
the first 10,000 years and not even within 100,000 years. Nonetheless, and to account 
for incidental deviations, in the base scenario one canister is assumed to have an 
undetected initial penetrating defect through which releases will occur 1000 years after 
emplacement, whereas the safety functions of the rest of the barriers are maintained. 
 
Further uncertainty in the evolution of the disposal system giving rise to data and model 
uncertainty is taken into account in formulating variant and disturbance scenarios.  
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Thus, in defining sensitivity, what-if, and complementary calculation cases, and further 
by using probabilistic sensitivity analyses, the impact of uncertainties in long-term 
safety is comprehensively analysed (Assessment of Radionuclide Release Scenarios for 
the Repository System and Biosphere Assessment). 
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APPENDIX 1: SELECTION OF THE FUTURE CLIMATE EVOLUTION 

Following the latest advances in climate research, Pimenoff et al. (2011) modelled two 
future climate evolution scenarios taking into account a constant atmospheric CO2 
concentration of 280 ppmv (pre-industrial value) and 400 ppmv (close to the present 
value of 389 ppm). The model(s) (Earth system models of intermediate complexity – 
EMICs) and data used for the atmospheric CO2 concentration of 280 ppmv were run 
twice to check internal consistency.  The main difference between the results from the 
runs was the time until the beginning of the next cold period at about 12,000 years AP 
(280 ppmv) or at 50,000 years AP (400 ppmv). 

One of the outputs of the simulations is precipitation, which did not vary greatly 
between the two climate-evolution scenarios as seen in Figure 4-1 in Chapter 4, and as 
the present value of the atmospheric CO2 concentration is near to 400 ppmv, the 
precipitation results from that run were selected for hydrogeological modelling (see 
Löfman & Karvonen 2012 and Sections 5.1.1 and 5.1.2 in the Performance 
Assessment).  

As stated in Pimenoff et al. (2011), the projections of the future climate cannot be 
validated, because there are no observations or data record. This is the main reason not 
to use those future climate projections for further simulations of permafrost or ice-sheet 
periods. However the models are useful in simulations of the last glacial cycle: EMIC 
models: CLIMBER-2 (CLIMate and BiosphERe, version 2), MPM (McGill 
Paleoclimate Model), LLN-2D (a two-dimensional climate model developed in 
Louvain-la-Neuve) and MobiDiC (an improved version of LLN-2D) have successfully 
been able to simulate the last glacial inception (BIOCLIM 2003, Pimenoff et al. 2011), 
which gives confidence in their use in predicting future climatic conditions for specific 
emissions scenarios. 

In all EMIC simulations, the onset of the next glaciation in the Northern Hemisphere 
strongly depends on the Earth’s orbital variations and on atmospheric CO2 
concentrations. According to the simulations, there are three periods during the next 
100,000 years with a potential for ice sheet formation: (1) around 10,000 to 20,000 
years after present (AP), (2) around 50,000 to 60,000 years AP, and (3) 90,000-100,000 
years AP. These periods coincide with the Northern Hemisphere summer insolation 
minima (Pimenoff et al. 2011). In most of the EMIC simulations, a glacial inception did 
not occur during the next 30,000 years when the atmospheric CO2 concentration was 
higher than the pre-industrial value of 280 ppmv (see Table 3 in Pimenoff et al. 2011). 
Therefore, as the present-day atmospheric CO2 concentration value (389 ppmv) is much 
higher than the pre-industrial one, is still rising,  and seems likely to stay high for 
thousands of years (e.g. Archer et al. 2000, 2009), a glacial inception before 30,000 
years AP is unlikely. After 30,000 years AP, the possibility of the onset of a glaciation 
increases, being highest and earliest during the Northern Hemisphere insolation 
minimum at 50,000 to 60,000 years AP (Pimenoff et al. 2011).  
 
Because the climate data from the last glacial cycle and also the EMIC models could 
successfully simulate the last glacial inception, a reprise of the last glacial cycle (see 
Figure A-1 below corresponding to Figure 22 in Pimenoff et al. 2011), with its start set 
at 50,000 years AP, is selected as the climate evolution for the next 170 thousand of 
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years and it is the repeated a further seven times (each repetition having a duration of 
120,000 years) up to one million years.  
 
As noted by Pimenoff et al. (2011), the modelling results for the Olkiluoto nearest grid 
points do not fully agree with the knowledge obtained from proxy data, so the alternation of 
periods of permafrost and ice sheet cover has been amended with proxy data (see Section 
4.2.3).   
 

 
Figure A-1. a) Mean annual surface temperature around Olkiluoto since the Eemian 
period. The contours are presented for times with no ice sheet present and are downscaled 
with GAM (Generalize Additive Model) from the CLIMBER-2 last glacial cycle simulation. 
The temperatures marked with triangles represent periods with an ice sheet present at the 
corresponding altitude; the values are obtained from the SEMI model calculations. b) The 
annual mean total precipitation around Olkiluoto (downscaled with GAM from the 
CLIMBER-2 last glacial cycle simulation). c) Ice sheet height (contour) and bedrock level 
(+) around Olkiluoto in the last glacial cycle CLIMBER-2-SICOPOLIS simulation (see 
Figure 22 in Pimenoff et al. 2011 for further details).  
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APPENDIX 2: GROUNDWATER FLOW AND SALINITY DURING ICE SHEET 
DEVELOPMENT AND RETREAT IN THE OLKILUOTO AREA 

Groundwater flow and salinity has been modelled during the retreat of an ice sheet 
considering two cases, one in which the retreating ice-sheet front stays immobile at 
Olkiluoto for 1000 years and the other in which the ice-sheet front is retreating at a rate 
of 200 m/year (see Section 5.3.1 in Performance Assessment and Löfman & Karvonen 
2012). For the advance, development or growth of the ice sheet, no modelling has been 
undertaken, instead it has been cautiously assumed that dilute conditions may exist 
during half of the time the first ice sheet (starting at 92,000 years AP; see Chapter 4 in 
this report) is estimated to be over the site (see Table 5-17 in  Performance Assessment).  

For the variant scenario Variant 2 (VS2), only the results of groundwater flow and 
salinity modelled for the case in which the retreating ice sheet front stays immobile at 
Olkiluoto for 1000 years are used, because it is in this case that dilute conditions have 
been calculated to reach repository depth. 

At least two questions may arise concerning why no attempts have been made to model 
groundwater flow during the advance of an ice sheet and if the assumptions and data 
used for V2 are cautious enough. 

To the first question, the answer is that there is a lack of a spatially large enough 
groundwater flow model able to compute the groundwater system in detail at a time 
when the coupling of ice-sheet development or growth and groundwater flow would be 
applicable to the Olkiluoto area. 

To answer the second question we need to look, on the one hand, at Olkiluoto site 
knowledge on groundwater composition, and, on the other hand, at what it is known in 
particular of Olkiluoto and adjacent areas at the time of at least the onset of the first ice 
sheet during the last glacial cycle (LGC). 

As stated in Section 7.3 of Performance Assessment, and based on Olkiluoto site 
knowledge, the impact of glacial melt waters is limited to a depth of less than 300 m. 
That is, there are no traces of glacial melt waters at repository depth. 

For glacial melt water to infiltrate the bedrock during the advance of an ice sheet, it is a 
requirement that the ice sheet be warm-based for the generation of melt water at the ice-
bedrock interface. If the ice sheet is cold-based or if there is permafrost beneath the ice 
sheet, then infiltration of glacial melt water will be very limited (e.g. limited to 
movements through taliks). 

In the works of Kleman & Hättestrand (1999) and Kleman et al. (2008), it is suggested 
that the Fennoscandian ice sheet (FIS) was cold-based in areas close to and north of 
Olkiluoto. Forsström (2007) makes a similar point for areas north and south of 
Olkiluoto. 

In general, before the onset of the first ice sheet (either after MIS 5e or during MIS 4; 
see Figure A-1 in Appendix 1), permafrost conditions prevailed for several thousand 
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years before that early to mid-Weichselian ice sheet advanced into western Finland 
(Pitkäranta 2009) and this would be expected for the future. 

The periods in between ice-sheet retreat and advance are interstadials, during which the 
climate is cold enough for permafrost formation to some extent, if the site is not covered 
by water, as it was soon after the last deglaciation. 

Thus, in view of the knowledge of the site regarding the infiltration depth of glacial melt 
waters, and of the knowledge of the bedrock and ice-sheet conditions, if not in Olkiluoto 
then in its adjacent areas, before and during the onset of over-riding of the site by an ice 
sheet, it can be positively stated that the assumptions and data used for VS2 are cautious 
enough. 
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APPENDIX 3: PERMAFROST SIMULATIONS 

Climate conditions taken into account in permafrost simulations12 
 
Pimenoff et al. (2011) have formulated three potential climate scenarios for Olkiluoto 
on a time-scale of 120 ka. The coldest one is a reconstruction of climate conditions 
which plausibly prevailed in Olkiluoto during the last glacial cycle extending from 126 
ka before present until the present day. The output data for the last glacial cycle 
simulations, with a temporal resolution of 1000 years, have been use to formulate the 
following cases for permafrost simulations.  

The Last glacial cycle case describes a 125-ka long situation in which climate data 
come from last glacial cycle simulations (Pimenoff et al. 2011).  The illustration of the 
input temperatures in Figure 3A-1 shows four periglacial and glacial stages. In this 
stages formation of permafrost and perennially frozen ground can be expected to occur. 

The Dry glacial cycle case describes a 125-ka long situation in which Olkiluoto 
experiences the climate conditions of the last glacial cycle simulations (Pimenoff et al. 
2011) except for the glacial stages when a dry periglacial environment is assumed to 
take the place of ice-sheet development. The temperature data are revised accordingly.  
First, the ice-sheet is removed and the annual mean air temperature on the top of the ice-
sheet/s is adjusted to the ground surface level by subtracting the altitudinal decrease of 
0.65 C per 100-m ice sheet thickness. Thereafter, a linear regression between the 
annual mean value and the monthly mean values during the non-glacial stages of the 
climate simulations is used to generate the monthly mean 2-m air temperatures at the 
ground surface level. The evolution of the revised monthly mean 2-m air temperatures 
shown in Figure 3A-2 applies to a more than 60-ka long period starting after 45 ka when 
climate conditions are favourable for extensive formation of permafrost and perennially 
frozen ground. 

The Periglacial case describes a 60 ka long situation in which present temperate climate 
prevails for 47 ka. Then following the periglacial evolution over the period of 70-76 ka 
of the last glacial cycle simulations, the climate cools down to a prescribed degree, 
which is kept until the end of the simulation period. The Periglacial case include three 
sub-cases classed as: Periglacial case 1, in which the mean annual air temperature 
(MAAT) is decreased  –5 C, Periglacial case 2, in which the MAAT is decreased –7.5 
C, and Periglacial case 3, in which the MAAT is decreased  –10 C. The monthly 
mean 2-m temperatures for the Periglacial cases are illustrated in Figure 3A-3.  

 

                                                 

12 For details see Hartikainen (2013) as refered in the main text. 
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a)  

b)  

Figure 3A-1.  Evolution of monthly mean air temperatures a) 2-m b) 0-m, annual mean 
basal and seabed temperatures in the Last glacial cycle case. The annual mean air 
temperature is shown as the black line. 
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Figure 3A-2.  Evolution of monthly mean 2-m air temperatures in the Dry glacial cycle 
case. The annual mean 2-m air temperature is shown as the black line. 

Results of the simulations 

Figure 3A-4 shows the evolution of permafrost depth and depth of perennially frozen 
ground as well as their development rates computed using a 1-D model (see details in 
Hartikainen 2013) and data from the simulation of the Last Glacial Cycle from 
Pimenoff et al. (2011). The figure also shows the evolution of unfrozen groundwater 
content within the perennially frozen ground and the cryopeg, i.e. the unfrozen ground 
envelop between the permafrost line and the line of perennially frozen ground. The 
depth of permafrost is greater than that of perennially frozen ground because the 
freezing point is depressed below zero centigrade due to effects of groundwater pressure 
and salinity. 

Figure 3A-5 shows the results of the evolution of the permafrost depth and depth of 
perennially frozen ground as well as their development rates computed using the 1D-
model (see details in Hartikainen 2013) considering dry surface conditions (i.e. dry 
glacial cycle case; no ice-sheet development). The figure also shows the evolution of 
unfrozen groundwater content within the perennially frozen ground and the cryopeg, i.e. 
the unfrozen ground envelop between the permafrost line and the line of perennially 
frozen ground. 
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a) 
 

b) 
 

c) 
 

Figure 3A-3. a)-c).  Evolution of monthly mean 2-m air temperatures in the Periglacial 
case with the MAAT decreased by a) –5 °C, b) –7.5 °C, c) –10 °C. The annual mean 2-
m air temperature named Year is shown as the black line.  
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Figure 3A-4.  Evolution of permafrost depth and depth of perennially frozen ground 
and unfrozen groundwater content (bottom) as well as the evolution the development 
rate of permafrost and perennially frozen ground (top) at Olkiluoto calculated for the 
last glacial cycle case using a 1-D model. Ground surface temperature equals the 0-m 
air temperature and effects of inter-annual variations in air temperature are excluded. 
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Figure 3A-5.  Evolution of permafrost depth and depth of perennially frozen ground 
and unfrozen groundwater content (bottom) as well as the evolution the development 
rate of permafrost and perennially frozen ground (top) at Olkiluoto calculated for the 
Dry glacial cycle case with dry surface conditions and using 1-D model. 
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APPENDIX 4: OUTCOME OF THE METHODOLOGY FOLLOWED IN 
SCENARIO FORMULATION 
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