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ABBREVIATIONS AND DEFINITIONS 

  

AIC Scenario abbreviation: Accelerated Insert Corrosion. 

ALLPOS Calculation case: ALL potential canister POStions considered. 

ANNFF Calculation case: ANions in the Near and Far Field. 

BACTHROUGH Calculation case: Advective transfer from tunnel to fractures 

BFZ Brittle Fault Zone. 

BP Before Present. 

Bq Becquerel (standard unit of radioactivity). 

BS Base Scenario. 

BSA Biosphere Assessment. 

BWR Boiling Water Reactor (Olkiluoto 1&2). 

CDF Cumulative Distribution Function. 

CEC Cation Exchange Capacity. 

CNWRA Centre for Nuclear Waste Regulatory Analyses. 

COLL Calculation case: Intrinsic COLLoids migrate through the 
geosphere instantaneously following buffer erosion. 

ConnectFlow The suite of groundwater modelling software that includes the 
NAMMU continuum porous medium (CPM) module as well as 
the NAPSAC discrete fracture network (DFN) module, which is 
used to develop DFN-based models groundwater flow and 
transport at the Olkiluoto site. 

CS Complementary calculation caSe. 

Cu-OF Oxygen Free, High Conductivity Copper. 

DFN Discrete Fracture Network (an approach used in groundwater flow 
modelling). 

DH Deposition Hole. 

DIL Scenario abbreviation: DILute groundwater conditions, for 
example in RS-DIL, Rock Shear followed by buffer erosion. 

DiP (Government) Decision-in-Principle. 

Disposal system Repository system + surface environment. 

DZ-path Flow path along the Damaged Zone below the tunnel floor. 

E Evolution-related. 

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

EBW Electron Beam Welding. 

EC Electrical Conductivity. 
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EDZ Excavation Damaged Zone; section of the rock that is irreversibly 
damaged by the excavation of the tunnel. 

EPM Equivalent Porous Medium. 

FC Calculation case: Fast insert Corrosion. 

FDZ Near-field release rate for the DZ-path. 

FEPs Features, Events and Processes. 

FF Near-field release rate for the F-path. 

FF Geosphere (Far Field). 

FILL Calculation case: Bentonite-FILLed defect. 

F-path Flow path in a natural fracture (in a deposition hole). 

FPC Flag indicating whether or not the deposition hole would be 
excluded due to intersection with a large deformation zone. 0 or 1: 
not excluded; 2: excluded due to presence of large deformation 
zone. 

FPI Full Perimeter Intersection, used to describe fracture extent in 
underground openings. 

FRACAP Calculation case: Increased constant of proportionality between 
FRACture transmissivity and APerture. 

FTDZ Near-field release rate for the TDZ-path. 

FTRANS Computer code used in previous safety assessments for the 
analysis of the radionuclide release, retention and transport in the 
geosphere. 

GAS Calculation case: C-14 released as gas. 

GD Government Decree. 

GIS Geographical Information System. 

GoldSim Code used for the analysis of the radionuclide release in the near 
field, and for probabilistic assessment in the near field and far 
field. 

HIPH Calculation case: HIghly alkaline (pH) water in geosphere and 
near field. 

HIPH-NF Calculation case: HIghly alkaline (pH) water in the near field. 

Hn Canister position n in variant scenario V2. 

HTO Tritiated water. 

HYCON Calculation case: No HYdraulically (CONductive) significant 
damage around deposition holes. 

HZ Hydrogeological Zone. A site scale hydrogeological zone is a 
planar or nearly planar formation that through elevated 
transmissivities and frequency of interconnected fractures allows a 
continuous groundwater flow to concentrate within it over 
distances of several hundreds of metres. 
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I/O Input/Output. 

IAEA International Atomic Energy Agency. 

INTRACOIN International nuclide transport intercomparison study. 

INTRAVAL An international project to study the validation of geosphere 
transport models for performance assessment. 

IRF Instant Release Fraction. 

KBS-3 An abbreviation of kärnbränslesäkerhet (nuclear fuel safety) 
version 3. The KBS-3 method for implementing the spent nuclear 
fuel disposal concept based on multiple barriers. 

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. 

Kd Distribution coefficient. 

KR (Deep) drill hole (in Finnish: KairanReikä). 

KTM Finnish Ministry of Trade and Industry. 

lc Thickness of the copper overpack. 

LI Calculation case: Leaky Insert. 

LIN Lineament. 

LO1, LO2 Loviisa reactors 1 and 2. 

LOC Canister location in calculation case BS-LOC. 

M Migration-related. 

MARFA Migration Analysis of Radionuclides in the FAr field: code, used 
to model radionuclide transport in geosphere. 

m.a.s.l. Metres above sea level. 

MATLAB MATrix LABoratory (a numerical computing environment and 
programming language). 

MX-80 Commercial name of the reference buffer bentonite. A high grade 
sodium bentonite from Wyoming, U.S., with a montmorillonite 
content of 75−90 %. 

NDT Non-Destructive Testing. 

NEA Nuclear Energy Agency. 

NF Near Field. 

NORM Naturally-Occurring Radioactive Material. 

OL1, OL2 Olkiluoto 1 and 2 reactors. 

OL3 Olkiluoto 3 reactor. 
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OL4 Fourth reactor to be constructed at Olkiluoto. Expected to be 
similar to OL3 in TURVA-2012 safety case. 

OL-KR Olkiluoto (deep) drill hole. 

ONKALO Underground research facility at Olkiluoto. 

PDF Probability Density Function. 

PFL Posiva Flow Log. Device for quick and reliable characterisation of 
flow-yielding fractures and other structures in bedrock. 

PGR Pegmatitic granite. 

PMMA PolyMethylMethAcrylate. 

POSE Posiva’s Olkiluoto Spalling Experiment. 

POTTI Database at Posiva. 

PSA Probabilistic Sensitivity Analysis. 

PTBUF Calculation case: Extremely PerTurbed BUFfer. 

P-TGG Olkiluoto P-series tonalitic-granodioritic-granitic gneiss. 

PWR Pressurised Water Reactor. 

QA Quality Assurance. 

QC Quality Coordinator. 

QDZ Flow rate in the DZ-path. 

QF Flow rate in the F-path. 

QTDF Equivalent flow rate through a fracture intersecting the tunnel 
downstream of the deposition hole. 

QTDZ Flow rate in the TDZ-path. 

R1 Performance measure 1 (based on the release rates of certain 
radionuclide to the surface environment). 

R2 Performance measure 2 (based on the ingestion dose coefficients 
for certain radionuclides). 

R2 Coefficient of Determination. 

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

RCC Rank Correlation Coefficient. 

REPCOM Code used in previous safety assessments for the analysis of the 
radionuclide retention and transport in the near field. 

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

RDZ Geosphere release rate for the DZ-path. 

RF Geosphere release rate for the F-path. 

RN Radionuclide. 

RNT RadioNuclide release and Transport. 
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RS Scenario abbreviation: Rock Shear (caused by an earthquake). 

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. 

  

RTDZ Geosphere release rate for the TDZ-path. 

SAFCA Safety Case project. 

SC Calculation case: Slow insert Corrosion. 

SFR Sparsely Fractured Rock. 

SKB Swedish Nuclear Fuel and Waste Management Company.  

SPENT Near-field calculation code developed by the Swiss national 
programme. 

SRRC Standardised Rank Regression Coefficient. 

SSM Swedish Radiation Safety Authority. 

STUK Finnish Radiation and Nuclear Safety Authority. 

TDS Total Dissolved Solids. 

TDZ-path Flow path in the tunnel backfill above the deposition hole. 

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

TESM Terrain and EcoSystems development Modelling. 

TI Calculation case: Tight Insert. 

TIME Calculation case: A longer TIME needed before a transport path is 
established. 

T-MGN Olkiluoto T-series mica gneiss. 

T-TGG Olkiluoto T-series tonalitic-granodioritic-granitic gneiss. 

tU Tonnes of Uranium (spent nuclear fuel). 

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

TVO-92 Teollisuuden Voima Oy’s safety analysis 1992. 

UNTAMO A GIS toolbox customised for Posiva for TESM. 

URL Underground Research Laboratory. 

VAHA Requirements management system at Posiva. 

VMS Version Management System. 

VSn Variant Scenario n. 

VTT VTT Technical Research Centre of Finland 

VVER Pressurised water reactor type at Loviisa. 
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WRP Within the Range of Possibilities. 

YJH Finnish abbreviation for Nuclear Waste Management. 

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

1.1 Background 

On assignment by its owners, Fortum Power and Heat Oy 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 interim 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 operational lives 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 
copper 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, 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 25 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 the required surface and sub-surface 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 RTD (research, development and technical design) phase for the years 
2010−2012 was introduced in the TKS-2009 report (Posiva 2009), which also provides 
insight into developments from previous RTD phases. In 2012, a new RTD programme 
(YJH-2012) for 2013−2015 has been published. In Figure 1-3, a general timeline of 
Posiva’s programme is presented. 
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The repository will be located in the bedrock of the 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. 

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 nuclear 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. 

 

 

Figure 1-4. The current reference layout (green). Dark grey areas are not suitable for 
deposition tunnels based on a Rock Suitability Classification (RSC). 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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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 (GD). 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 by the 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. 

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. 
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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 maintaining the low 
solubility of the matrix. 

Implementation of the KBS-3 method entails the introduction of a number of closure 
components because of engineering, operational safety or long-term safety needs. Long-
term safety needs arise, for example, because implementation involves the construction 

 

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. 
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of a system of underground openings, including the access tunnel 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 include:  

 backfill of underground openings, including the central tunnels, access tunnel, 
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 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). 

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, A01: 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 (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 
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, a statement of confidence and the evaluation of 
compliance with long-term safety constraints.  
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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. 

 
Table 1-1. 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, plants and animals and limit the possibility of 
human intrusion, and isolate the repository 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, plants and animals. 

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

 
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, 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

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

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 

Site Description 

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

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 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

 

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. 



25 

 

Performance Assessment replaces the previous reports dealing with the expected, 
evolution of a spent nuclear fuel repository (Crawford & Wilmot 1998, Pastina & Hellä 
2006), in which the EBS and geosphere 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 by 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 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 are summarised in Biosphere Data Basis, and the models are discussed 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. 

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 1-7.  

1.7 Quality assurance 

The quality assurance (QA) procedures for the TURVA-2012 safety case (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 on management according to 
the standard ISO 9001:2008, a graded approach proposed for nuclear facilities is 
adopted, i.e. the primary emphasis is on the quality control of the safety case, 
particularly 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 subject 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 controlled 
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 
organisation of the TURVA-2012 safety case production process is referred to as 
SAFCA. The work is managed and coordinated by a SAFCA project 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. In line with the ISO 9001 standard 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 analyses 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 safety case production has been set up. The review process is based 
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on review templates, which record each review comment and how it has been 
addressed. Upon completion, this template is checked and approved according to the 
quality guidelines of Posiva. 

The expert elicitation process has been applied to specific cases when the understanding 
or data basis is conflicting and consensus is needed for the selection of key data (e.g. 
solubility and sorption data) to identify the main sources of uncertainty and determine 
whether different views may have to be propagated through the safety assessment. 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 Production Line). 

1.8 Scope and structure of the present report 

This report is one of the main reports in the TURVA-2012 safety case portfolio (see 
Section 1.6), prepared to provide input to the Preliminary Safety Assessment Report 
(PSAR) to be appended to the repository construction license application in 2012 (see 
Figure 1-7). The main objective is the assessment of the repository system scenarios 
leading to radionuclide releases that have been identified in Formulation of 
Radionuclide Release Scenarios. A range of calculation cases, also identified in 
Formulation of Radionuclide Release Scenarios, is analysed, complemented by Monte 
Carlo simulations and a probabilistic sensitivity analysis. The scenarios and their 
analyses take into account major uncertainties in the initial state of the barriers and 
possible paths for the evolution of the repository system identified in Performance 
Assessment.  

The focus of the present report is on the evaluation of activity fluxes from the repository 
near field to the geosphere and from the geosphere to the biosphere, and on other 
calculation end points relevant to the repository system. The near field comprises the 
spent nuclear fuel, the deposition holes, including the canisters and buffer, the 
backfilled deposition tunnels and that part of the host rock that is affected by the 
presence of the repository (e.g. excavation-damagedzones). The geosphere comprises 
the remainder of the host rock1. Biosphere assessment, including the evaluation of 
annual effective doses and absorbed dose rates to other living species, is described in 
Biosphere Assessment. 

The radionuclide release scenarios analysed in the present report are driven by features, 
events and processes occurring in the repository system itself and by external geological 
and climatic processes. Human intrusion scenarios, although also potentially leading to 
radionuclide releases, are treated in Section 6.4 of Biosphere Assessment. 
                                                 

1 As explained in Chapter 3, however, radionuclide transport paths through the geosphere can be tortuous, 
and include sections that re-enter the repository near field. In this sense, the near field and geosphere may 
be considered to be overlapping model domains.  
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The remaining chapters of the present report are structured as follows. 

 Chapter 2 describes the approach to the analysis of scenarios leading to radionuclide 
release and transport. The approach involves deterministic analysis of calculation 
cases, as well as Monte Carlo simulations and probabilistic sensitivity analysis. 

 Chapter 3 describes the broad model concepts and mathematical equations used to 
model radionuclide release and transport in the repository system. 

 Chapter 4 describes groundwater flow modelling and its application in the 
derivation of flow-related parameter values for radionuclide release, retention and 
transport modelling. 

 Chapter 5 addresses groundwater composition and the derivation of geochemical 
parameters − in particular, distribution coefficients and solubility limits − for 
radionuclide release and transport modelling. 

 Chapter 6 defines the base scenario and the Reference Case, which is a specific 
model representation of the base scenario. 

 Chapter 7 describes the results of the analysis of the Reference Case.  

 Chapter 8 describes the analysis of various sensitivity cases for the base scenario 
that make use of alternative model representations and parameter value selections 
compared with the Reference Case. 

 Chapter 9 describes further complementary analyses of the base scenario carried out 
to examine the sensitivity of the modelled system to parameter variations outside of 
the identified ranges of uncertainty and to alternative model assumptions. 

 Chapter 10 presents the analysis of variant scenarios that postulate degraded 
performance of a single safety function or the combined effects of degraded 
performance of more than one safety function.  

 Chapter 11 describes the analysis of disturbance scenarios addressing unlikely 
events impairing long-term safety. 

 Chapter 12 describes further, complementary analyses related to the variant and 
disturbance scenarios. 

 Chapter 13 presents calculations of complementary indicators, including 
comparisons of repository releases with other sources of radiation exposure. 

 Chapter 14 describes measures taken to build confidence in the results of the 
analyses of calculation cases. 

 Chapter 15 gives an overall summary of results and presents conclusions from the 
analyses. 

The implementation of calculation cases in computer codes is described only in outline 
in these chapters. The details are provided in a separate report (Poteri et al. 2012).  
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2 GENERAL APPROACH 

This chapter describes the general approach to the analysis of scenarios leading to 
radionuclide release and transport. The approach is constrained by Finnish regulatory 
requirements and guidance, relevant parts of which are summarised in Section 2.1. 
Section 2.2 explains why the focus is on the period up to one million years into the 
future, referred to as the assessment time frame. Section 2.3 defines the categories of 
repository release scenarios that are analysed. Section 2.4 describes the deterministic 
analyses of calculation cases for each scenario and provides a summary of these cases. 
It also describes the calculation end points and the link to the biosphere assessment and 
the dose calculations presented in Biosphere Assessment. Section 2.5 describes the use 
of Monte Carlo simulations and probabilistic sensitivity analysis. The use of models in 
the analyses is described in Section 2.6 and the computer codes that are used are 
identified in Section 2.7. Finally, Section 2.8 considers the selection of parameter values 
and probability density functions (PDFs) for the analyses. 

2.1  Regulatory requirements and guidance 

Finnish legal and regulatory requirements relating to the radiological protection and to 
the analysis of scenarios are found in the Government Decree on the safety of disposal 
of nuclear waste (GD 736/2008) and in the regulatory Guide YVL D.5 (Draft 4, 
17.3.2011, in Finnish). Those requirements of particular relevance to the present report 
are explained in the flowing paragraphs.  

2.1.1 Protection criteria 

Two time windows are distinguished in the legal and regulatory requirements, in which 
different protection criteria apply. In the earlier time window, for a period that shall 
extend at a minimum over several millennia, Section 4 of GD 736/2008 states: 

“The annual dose to the most exposed people shall remain below the value of 0.1 mSv”, 

and that 

“The average annual doses to people shall remain insignificantly low”. 

In the longer term, quantitative regulatory criteria relate directly to release rates of 
activity from the geosphere to the “living environment”, also termed the biosphere 
(“geo-bio fluxes”). According to Guide YVL D.5,  

Para. 313 

“The sum of the ratios between the nuclide specific activity releases and the respective 
constraints shall be less than one”. 

In the same paragraph, it also states: 

“These activity releases can be averaged over 1000 years at the most”.  

The nuclide-specific constraints referred to above are also set out in Guide YVL D.5, 
and are reproduced in Table 2-1. 
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Table 2-1. Nuclide-specific constraints for the radioactive releases to the environment, 
as set out in Guide YVL D.5 issued by the Finnish regulator. In a given row, the 
constraint applies to each individual radionuclide. 

Radionuclides 
Constraints  
[GBq/a] 

Long-lived alpha-emitting Ra, Th, Pa, Pu, Am and Cm isotopes 0.03 

Se-79; Nb-94; I-129; Np-237 0.1 

C-14; Cl-36; Cs-135; long-lived uranium isotopes  0.3 

Sn-126 1 

Tc-99; Mo-932 3 

Zr-93 10 

Ni-59 30 

Pd-107 100 

 

The probability of unlikely events giving rise to activity releases may be taken into 
account when assessing compliance with the above criteria. 

Para. 316 

“The importance to safety of such unlikely events shall be assessed and whenever 
practicable, the resulting annual radiation dose or activity release shall be calculated 
and multiplied by its expected probability of occurrence. The obtained expectation value 
shall be below the radiation dose constraint … or activity release constraint …”.  

Regarding other living species, it is stated, 

Para. 317 

“Disposal shall not affect detrimentally to species of fauna and flora. This shall be 
demonstrated by assessing the typical radiation exposures of terrestrial and aquatic 
populations in the disposal site environment, assuming the present kind of living 
populations. The assessed exposures shall remain clearly below the levels which, on the 
basis of the best available scientific knowledge, would cause decline in biodiversity or 
other significant detriment to any living population”. 

 

2.1.2 Guidance relating to the analysis of scenarios 

Guide YVL D.5 also contains a number of statements that have a direct bearing on the 
analysis of scenarios leading to radionuclide releases. These statements relate to the 
need for the analysis as a whole not to overestimate or unduly underestimate the 
performance of safety functions or to underestimate radiological consequences: 

                                                 

2Mo-93 is not mentioned in YVL D.5. However, based on a preliminary evaluation by STUK (personal 
communication May 9, 2012) that takes into account the inventory and the dose conversion factors for 
ingestion, it has been recommended that the same nuclide-specific constraint as for Tc-99 is used. 
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Para. A06 

“Simplifications of the models and the determination of the required input data shall be 
based on the principle that the performance of a safety function will not be 
overestimated while neither overly underestimated”. 

Para. A08 

“Selection of the computational methods, performance targets and input data shall be 
based on principle that the actual radiation exposures or quantities of released 
radioactive substances shall with high degree of certainty be lower than those obtained 
through safety analyses. The uncertainties included in the safety analysis shall be 
assessed by means of appropriate methods, e.g. by sensitivity analyses or probabilistic 
methods”. 

Regarding the need for stochastic or probabilistic modelling, there is also the following 
statement: 

Para. A07 

“Whenever the input data used in modelling involve random variations due to e.g. 
heterogeneity of rock, stochastic models may be employed”. 

Finally, there is a statement regarding the documentation of calculations: 

Para. A10 

“The safety shall be documented carefully. … Another goal shall be traceability, 
implying that the justifications for the used assumptions, input data and models shall be 
easily found in the documentation”. 

These regulatory statements are referred to where appropriate throughout the present 
report. 

2.2  Assessment time frame 

To fulfil the long-term safety requirements, the repository needs to isolate the spent 
nuclear fuel for the period during which it could cause significant harm to the normal 
habitats for humans, plants and animals. Although spent nuclear fuel never becomes 
entirely harmless, after a period of a few hundreds of thousands of years its 
radiotoxicity on ingestion will be similar to the radiotoxicity of the uranium from which 
it was originally made (see Figure 3-4 of Complementary Considerations). The activity 
content of the spent nuclear fuel and the original uranium ore from which the fuel was 
fabricated become similar in a period of about one million years (see Figure 3-5 of 
Complementary Considerations). Internationally, most safety assessments for spent 
nuclear fuel disposal, as well as the present safety case, focus on the period up to one 
million years into the future, referred to here as the assessment time frame (see e.g. 
NEA 2007). This is consistent with regulatory guidance, which states: 

Para A09 

“… safety evaluations extending beyond time horizon of one million years can mainly 
be based on complementary considerations”. 
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2.3 Scenarios 

In the context of TURVA-2012, a scenario represents one or more time histories, or 
lines of evolution, of conditions in the disposal system. Following the Finnish 
regulatory guidelines given in Guide YVL D.5, three broad categories of scenario are 
considered: a base scenario, variant scenarios, and disturbance scenarios (Figure 2-1).  

Appendix 1 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 TURVA-2012, the base and variant scenarios are taken to include the most likely 
lines of evolution for the repository system. In the base scenario, the buffer and backfill 
are assumed to perform their respective safety functions throughout the assessment time 
frame, and the properties of the rock are in accordance with the application of Rock 
Suitability Classification (RSC)3. However, the incidental possibility of one or a few 
canisters with initial undetected penetrating defects is included in the definition of the 
base scenario. 

 

Figure 2-1. Scenario classification according to Guide YVL D.5. 

 

                                                 

3 Rock Suitability Classification (RSC, McEwen et al. 2012) is a system that will be applied to locate 
suitable rock volumes for disposal. Specific RSC criteria have been developed and will be applied at 
different stages of the repository construction, including criteria to reject any deposition holes with 
unsuitable properties. 
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Evolution lines for the repository system within the variant scenarios consider degraded 
performance of the safety functions of the spent nuclear fuel canisters (including, but 
not restricted to, the canister considered in the base scenario) and/or the combined 
effects of degraded performance of one or more safety functions of the other barriers. 

Lines of evolution including unlikely events and processes are taken into account within 
disturbance scenarios.  

A summary of the repository system scenarios and associated calculation cases analysed 
in the present report is given at the end of the next section. The base, variant and 
disturbance scenarios are described in detail in Formulation of Radionuclide Release 
Scenarios. The biosphere (surface environment) scenarios and calculation cases are also 
presented in Formulation of Radionuclide Release Scenarios and the analyses, and 
results are presented in Biosphere Assessment. 

2.4 Deterministic analysis of calculation cases 

2.4.1 Types of calculation cases 

Calculation cases are analysed to evaluate compliance of the proposed repository with 
regulatory requirements on radiological protection, as well as to illustrate the impact of 
specific uncertainties or combinations of uncertainties on the calculated results. In 
Formulation of Radionuclide Release Scenarios, calculation cases are defined, in broad 
terms, for each scenario leading to radionuclide release and transport. Each case 
illustrates different possibilities for how the repository might evolve and perform over 
time, taking into account uncertainties in the models and parameter values used to 
represent radionuclide release, retention and transport and, for biosphere assessment 
calculation cases, radiation exposure.  

The main calculation cases for repository system scenarios, the analysis of which is 
described in detail in the remaining chapters of this report, are summarised in Table 2-2. 
Three main types of calculation cases are distinguished.  

 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, i.e. radiological impacts are expected not to be 
underestimated nor excessively overestimated. 

 Sensitivity cases represent alternative models and/or parameter values to those of 
the Reference Case, but remain within the scope of the base scenario and/or variant 
scenarios. Analyses of the sensitivity cases illustrate the impact of model and data 
uncertainties. The sensitivity cases for the base scenario often take a more cautious 
view of uncertainties than the Reference Case. By comparing the results of a 
sensitivity case with those of the Reference Case, the impact of specific model and 
parameter uncertainties or combinations of uncertainties can be illustrated.  

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

The calculation cases of these three types are also referred to as “deterministic cases” 
(and their analysis is termed a deterministic analysis).  
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Table 2-2. Scenarios and calculation cases analysed in the present report. Colours are 
the same as those used for the same scenarios and sets of calculation cases in Figure 
2-2: red for the Reference Case and for sensitivity cases for the base scenario, blue for 
sensitivity cases for the variant scenarios and yellow for the what-if cases for the 
disturbance scenarios. See also the discussion of multiple canister failures in the main 
text. 

Calculation 
case 

Summary description 

Base scenario: a canister with an initial, penetrating defect (Chapters 7 and 8) 

BS-RC Reference Case (canister location 381) 

BS-LOC1 Alternative canister location (2418) 

BS-LOC2 Alternative canister location (3829) 

BS-ANNFF Alternative near-field and geosphere speciation 

BS-TIME Delayed establishment of transport path 

Variant scenario 1: Enlarging defect/degradation of the buffer around a canister with an initial, 
penetrating defect (Section 10.1) 

VS1-BRACKISH Reduced buffer thickness 

VS1-HIPH Reduced buffer thickness, high-pH water 

VS1-HIPH-NF Reduced buffer thickness, high-pH (near field) 

Variant scenario 2: No initial penetrating defect, corrosion failure following buffer erosion 
(Section 10.2) 

VS2-H1 Buffer erosion and canister corrosion failure, failed canister at location 2597 

VS2-H2 Buffer erosion and canister corrosion failure, failed canister at location 2778 

VS2-H3 Buffer erosion and canister corrosion failure, failed canister at location 2779 

VS2-H4 Buffer erosion and canister corrosion failure, failed canister at location 2780 

Disturbance scenario: Accelerated insert corrosion for a canister with an initial, penetrating 
defect (AIC) (Section 11.1) 

AIC-LI Defect evolution with leaky insert 

AIC-TI Defect evolution with tight insert 

Disturbance scenario: No initial penetrating defect, canister failure due to rock shear (RS) 
(Section 11.2) 

RS1 Rock shear failure at 40,000 years − no significant buffer damage 

RS2 Rock shear failure at 155,000 years − no significant buffer damage 

Disturbance scenario: No initial penetrating defect, canister failure due to rock shear followed by 
buffer erosion (RS-DIL) (Section 11.3) 

RS1-DIL Rock shear failure at 40,000 years followed by gradual buffer erosion 

RS2-DIL Rock shear failure and severe buffer damage at 155,000 years 

 

The calculation cases each consider a single, failed canister, where three possible modes 
of failure are considered: 

1. The presence of an initial defect in the copper overpack of the canister that 
penetrates the overpack completely (subsequent corrosion of the insert may then 
lead to an enlargement of the defect). 

2. Corrosion of the copper overpack, which occurs most rapidly in scenarios in which 
buffer density is reduced, e.g. by erosion. 

3. Shear movements on fractures intersecting the deposition holes. 
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However, the likelihood and consequences of more than one canister failure occurring 
during the assessment time fame are also considered, generally based on the findings 
from the single canister calculations. In particular, the following evaluations are made. 

 The likelihood and consequences of there being multiple canisters with initial 
penetrating defects are analysed in Section 9.2. 

 The four sensitivity cases for the VS2 scenario, which addresses canister failure due 
to corrosion following buffer erosion, correspond to the four canister failures that 
are calculated to occur within the million year assessment time frame in the 
performance assessment. In principle, the geosphere releases from these four cases 
should be superimposed to give the overall release from the repository in this 
scenario. However, as explained in Section 10.2, in practice only one of these cases 
is found to give non-zero releases. Although this finding could be a “special case”, 
arising from the stochastic representation of water-conducting features in the 
geosphere, the results of the analysis suggest the number of failures by this mode 
that could be tolerated before the regulatory geo-bio flux constraint would be 
exceeded, and this can be compared with the number calculated to occur in the 
performance assessment (see Section 12.2.1). 

 In the what-if case of canister failure due to rock shear resulting from a large 
earthquake, the RS and RS-DIL scenarios (analysed in Sections 11.2 and 11.3), 
some tens of canisters could potentially fail in the event of a large earthquake. 
However, the timing of such an earthquake is uncertain, as is the number of 
canisters affected at any time. In assessing compliance of rock shear scenarios with 
the activity release constraint, the expectation value of the normalised4 release rate 
from the geosphere is taken to be the weighted average of all possible values that 
the release rate can take in a given scenario. The weighted average takes into 
account uncertainty in the timing of the earthquake giving rise to canister failure 
due to rock shear and in the number of canisters affected. The weights used to 
evaluate this average correspond to the probabilities of a given value of normalised 
release rate arising at a given time.  

 Combinations of scenarios involving canister failure by more than one mode are 
discussed in Section 15.1.2. 

Complementary analyses are also carried out, based around the base, variant and 
disturbance scenarios, to investigate other uncertainties. For example, they consider the 
possibility of multiple canisters with initial penetrating defects, alternative groundwater 
types, and alternative assumptions and parameter values for radionuclide retention and 
transport. The analyses include deterministic analyses of complementary calculation 
cases, scoping calculations, and also Monte Carlo simulations and probabilistic 
                                                 

4 For each radionuclide, the normalised nuclide-specific release rate is a dimensionless quantity defined as 
the activity release rate of that nuclide divided by the respective nuclide-specific release constraint, as 
given by Table 2-1. The normalised release rate is the sum of nuclide-specific release rates over all 
calculated radionuclides. For the period beyond the dose criteria time window, the peak normalised 
activity release rates should be less than one in order to satisfy the regulatory constraint on the release 
rates of activity from the geosphere to the environment described in Section 2.1.1 (termed the regulatory 
geo-bio flux constraint in the present report). 
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sensitivity analysis (abbreviated to PSA in the present report), the use of which is 
discussed in Section 2.5. The aim of these analyses is to develop a better understanding 
of the modelled system or subsystems. The complementary calculation cases analysed 
deterministically are shown in Table 2-3.  

While all identified uncertainties and combinations of uncertainties have been 
considered in formulating the calculation cases, the calculation cases themselves 
represent a limited set of combinations of model assumptions and parameter values. 
Some possible combinations are excluded on the grounds that, individually, each 
represents an unlikely or implausible end-member of the range of possibilities. Model 
assumptions or parameter values can also be excluded if they can be argued, or shown 
e.g. by reference to the results of PSA, to yield lower consequences than existing 
calculation cases incorporating more cautiously chosen model assumptions or parameter 
values. 

Each repository system calculation case may either stand alone, or be propagated to one 
or more biosphere calculation cases, depending on the required calculation end points, 
as explained in the following sections. 

 
Table 2-3. Complementary cases.  

Calculation 
case 

Summary description 

Complementary cases extending the analysis of the base scenario: (Chapter 9) 

CS1-BRINE Brine water 

CS1-HIPH High-pH saline water 

CS2-CRUD Inclusion of crud inventory in the IRF 

CS3-FILL Bentonite-filled defect 

CS3-HYCON No hydraulically significant damage around deposition holes 

CS3-FRACAP Increased constant of proportionality between fracture transmissivity and aperture 

CS3-
BACTHROUGH 

Advective transfer from tunnel to fractures 

Complementary cases extending the analysis of the variant and disturbance scenarios: (Chapter 
12) 

CS1-BRINE-V As in VS1-BRACKISH, but with brine water 

CS3-PTBUF As VS1-BRACKISH, but with extreme perturbed buffer 

CS3-COLL AS VS2-H1, but intrinsic colloids migrate through the geosphere instantaneously 
following buffer erosion 

CS4-H2 As VS2-H2, but delay in fractures only 

CS4-H3 As VS2-H3, but delay in fractures only 

CS4-H4 As VS2-H4, but delay in fractures only 

GAS-FC Fast insert corrosion, C-14 released as gas 

GAS-SC Slow insert corrosion, C-14 released as gas 

GAS-FC-
ALLPOS 

Fast insert corrosion, C-14 released as gas, all potential canister locations 
considered 

GAS-SC-
ALLPOS 

Slower insert corrosion, C-14 released as gas, all potential canister locations 
considered 
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2.4.2 Calculation end points 

Quantitative regulatory criteria regarding radiation protection are expressed in terms of 
nuclide-specific activity releases to the “living environment” (geo-bio fluxes) and 
annual doses (annual dose to the most exposed people and average annual doses to 
people). In addition, to address the qualitative regulatory requirements regarding 
protection of plants and animals, absorbed dose rates to representative organisms5 are 
also calculated. Thus, the safety indicators calculated in TURVA-2012 comprise geo-
bio fluxes, which are the main end-points considered in this report, and the annual doses 
and absorbed dose rates to plants and animals evaluated in the biosphere assessment and 
reported in Biosphere Assessment. 

If the probability of an unlikely event or process giving rise to canister failure and 
radionuclide release in a disturbance scenario can be quantified, Finnish regulations, as 
summarised in Section 2.1, allow geo-bio fluxes and radiation doses to be multiplied by 
the probability of occurrence of the event or process when assessing compliance. In the 
present report, this possibility has been exploited in only a few cases. In particular, the 
low probability of a defective canister being placed in a deposition hole having 
relatively unfavourable conditions for radionuclide release and transport is considered in 
the context of the base scenario in Chapter 9 (Section 9.2) and in the context of the 
discussion of gas-mediated release of C-14 in Chapter 12 (Section 12.3.3). For the 
earthquake and rock shear disturbance scenarios (RS and RS-DIL), low annual 
probability of occurrence an earthquake large enough to lead to one or more canister 
failures is also considered in Chapter 11 (Sections 11.2.5 and 11.3.5). Finally, the low 
probability of certain combined scenarios is also discussed towards the end of this 
report in Chapter 15 (Section 15.1.2). 

Complementary indicators for the repository system and for the surface environment are 
also calculated in TURVA-2012. The main roles of the complementary indicators are 
either to highlight the performance of certain components of the disposal system, or to 
provide an alternative line of argument for safety. The safety indicators and 
complementary indicators for the repository system that are presented in the present 
report are summarised in Table 2-4. Complementary indicators for the surface 
environment are described in Biosphere Assessment. 

  

                                                 

5 A group of organisms selected for the dose assessment (further details in Biosphere Description, Section 
4.1).  
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Table 2-4. Safety indicators and complementary indicators for the repository system 
considered in the analysis of calculation cases. 

Indicator Unit Domain Comment 

Safety indicators 

Activity flux Bq/a Geosphere to biosphere Evaluated for all calculation 
cases. 

Annual dose to 
humans 

mSv Biosphere Evaluated for Reference Case 
and all sensitivity cases giving 
releases in the dose criteria 
time window, see Biosphere 
Assessment. 

Absorbed dose rate to 
other living species 

mGy/h Biosphere 

Complementary indicators for the repository system (see Chapter 13) 

Activity in 
compartments  

Bq Spent nuclear fuel, near-field 
compartments (canister, buffer, 
backfill), geosphere and 
biosphere 

Evaluated for Reference Case. 

Activity concentrations Bq/m3 Canister void space, buffer, 
backfill 

Evaluated for Reference Case 
and case VS1-BRACKISH. 

Activity flux Bq/a Release from spent nuclear fuel, 
release from near field to 
geosphere and from geosphere 
to biosphere 

Evaluated for all calculation 
cases. 

Fractional mass 
transfer rates 

1/a From near field and from 
geosphere 

Evaluated for Reference Case. 

Delay times a In near-field compartments and 
in geosphere 

 

 
2.4.3 Link to biosphere assessment and dose calculations 

The calculation of geo-bio fluxes requires a repository system model and associated 
parameter values (it is assumed that radionuclide transfer from the geosphere to the 
biosphere is dominated by advection, and that there is no significant diffusion of 
radionuclides from the biosphere back to the geosphere). The calculation of annual 
doses and absorbed dose rates to plants and animals requires, in addition, results from 
biosphere assessment, again with associated parameter values. However, as shown in 
Figure 2-2, not all calculation cases require dose calculations. 
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Figure 2-2. Calculation end points for the different types of calculation cases, showing 
those cases that require dose calculations to be performed as part of the biosphere 
assessment. Colours are the same as those used for the same scenarios and sets of 
calculation cases in Table 2-2. 

 

Finnish regulations, as summarised in Section 2.1, imply that a quantitative dose 
assessment (and hence biosphere modelling) does not need to continue to the end of the 
assessment time frame, but can be limited to a shorter period. More specifically, the 
regulations require the dose assessment to extend over a period in which it can be 
performed with sufficient reliability, i.e. several millennia. Uncertainties in predicting 
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the conditions of the surface environment, especially due to uncertainties in the 
behaviour of future human generations, will significantly increase with time. Posiva 
judges that assessing radiation exposure to humans is no longer sufficiently reliable in 
the period beyond 10,000 years after disposal of the first waste canister in the 
repository. The period up to 10,000 years is referred to as the dose criteria time window.  

Releases to the surface environment within the dose criteria time window occur in the 
Reference Case, in some sensitivity cases for the base and variant scenarios and in one 
what-if case for the disturbance scenarios (AIC-LI). Biosphere modelling is carried out 
for these calculation cases. For the analysis of variant-scenario sensitivity cases that 
give releases to the surface environment only after the dose criteria time window, the 
calculation end points are limited to geo-bio fluxes and complementary indicators not 
requiring biosphere modelling, in accordance with regulatory guidance. 

The complementary cases for the repository system that aim to develop a better 
understanding of that system and of its subsystems are neither propagated to the 
biosphere assessment. The motivation is primarily to avoid excessive conservatism in 
the outcome of the safety assessment that would otherwise arise from combining these 
hypothetical or speculative repository system cases with biosphere modelling that is 
also, to some extent, speculative. 

2.5 Probabilistic sensitivity analysis (PSA) 

Many of the parameter values used in the radionuclide release and transport calculations 
are affected by significant uncertainties, due to spatial variability, time evolution of the 
environmental conditions and epistemic uncertainty in the parameters values. Epistemic 
uncertainty arises from a lack of knowledge about the appropriate value to use for a 
parameter that is assumed to have a constant value in some region of space or interval of 
time (e.g. the uncertainty in the value of the distribution coefficient of a particular 
element in the buffer, when the incoming groundwater has a known composition). It is 
not practical, using individual, deterministically specified calculation cases, to explore 
the consequences of every possible combination of parameter values. Monte Carlo 
simulations and probabilistic sensitivity analysis (PSA), which complement the 
deterministic analyses of calculation cases, are used to overcome this problem. The 
main steps are illustrated in Figure 2-3. 
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Figure 2-3. Technique of Monte Carlo simulation and probabilistic sensitivity analysis.  

 
In Monte Carlo simulation, performance measures, such as radionuclide release rates 
from the geosphere to the biosphere, are calculated a large number of times. Each 
calculation is referred to as a realisation of the system. For each realisation, all uncertain 
input (system) parameter values are sampled, meaning that a single random value is 
selected from a specified distribution describing each parameter (probability density 
function, or PDF). The results of the multiple independent system realisations are 
assembled into probability distributions of possible outcomes. A PSA is then carried out 
to identify the input parameters whose uncertainties dominate the uncertainty in the 
calculated performance measures (e.g. peak radionuclide release rates). Various 
sensitivity measures are used in the present assessment (see Section 9.4) and, for each 
measure, a ranking of important parameters is created. Similar rankings of important 
parameters obtained using different sensitivity measures add to the robustness of the 
findings of the sensitivity analysis. 
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The use of PSA is also consistent with Finnish regulatory guidance. According to YVL 
D.5: 

Para. A08 

“The uncertainties included in the safety analysis shall be assessed by means of 
appropriate methods, e.g. by sensitivity analyses or probabilistic methods.” 

In TURVA-2012, PSA is carried out for the base scenario, assuming that a canister with 
a single initial penetrating defect is present in the repository. This defective canister is 
equally likely to be present at any location in the repository and the sampling of flow-
related transport parameter values takes into account the variability of these parameter 
values between locations. 

2.6 Models 

2.6.1 Types of models, assumptions and simplifications 

Calculation cases are evaluated using models, the governing equations of which are 
solved using computer codes, with parameter values passed to the codes in input files.  

The analysis of calculation cases makes use of detailed models that aim at a realistic 
description of specific processes − sometimes termed “process models”, as well as more 
simplified models used for analysing radionuclide release, retention and transport in a 
cautious manner, i.e. one that is expected to overestimate radiological consequences. All 
models are described in Models and Data for the Repository System, together with the 
data on which specific parameter values are based. The key models and parameter 
values for radionuclide release, retention and transport are also described in the present 
report. 

Process modelling includes the modelling of groundwater flow, which is described in 
Chapter 4, and geochemical modelling to support the evaluation of radionuclide 
speciation and retention parameters, which is described in Chapter 5. This process 
modelling provides direct input to radionuclide release, retention and transport 
modelling, or, less directly, supports judgements regarding input parameter value 
selection. 

The modelling of radionuclide release, retention and transport in the repository system 
is described in detail in Chapter 3. There are certain general assumptions that apply 
when modelling all calculation cases in TURVA-2012. These are listed and commented 
upon in Table 2-5. Other more model-specific or case-dependent model assumptions 
and simplifications are discussed in later chapters of this report, where the models and 
associated parameter values used to analyse individual calculation cases are described. 
A comprehensive list of model assumptions and simplifications for the Reference Case 
is given in Appendix E. 

  



45 

 

Table 2-5. General assumptions applying to all repository system calculation cases. 

Assumption Comment 

 
The deep underground location of the 
repository is maintained over several 
million years, isolating the spent nuclear 
fuel from the surface environment. 

 
Eventually, after hundreds to thousands of millions of 
years, slow geological processes could result in the rock 
being gradually eroded, so that repository materials 
eventually reach the surface. 
 

 
The canister remains located coaxially with 
the deposition hole and no significant 
canister sinking takes place over the 
assessment period. 
 

 
No processes have been identified that could reduce the 
density of the buffer to such an extent that canister 
sinking is possible. 

Criticality does not occur. Anttila (2005a) has shown that BWR and VVER fuel 
remains subcritical even if the void inside the canister is 
entirely filled with water. Burn-up credit needs to be used 
in the case of PWR fuel Anttila (2005b).  
 

BWR = Boiling water reactor, VVER = Russian type pressurised water reactor (at Loviisa), PWR = 
Pressurised water reactor 

 
Many of the assumptions underlying the radionuclide release, retention and transport 
models are well supported and correspond to the likely/expected characteristics and 
evolution of the system. Even where support is less strong, assumptions can generally 
be argued to be within the reasonably expected range of possibilities, and to err on the 
side of caution, the aim being that estimates of potential radiological impacts of the 
disposal facility are not underestimated, but are still plausible and hence not unduly 
overestimated. The use of cautiously chosen model assumptions and parameter values is 
consistent with YVL D.5, which states: 

Para. A08 

“Selection of the computational methods, performance targets and input data shall be 
based on the principle that actual radiation exposures or quantities of released 
radioactive substances shall with high degree of certainty be lower than those obtained 
through safety analyses”. 

A few assumptions are within the range of possibilities, but their likelihood cannot 
currently be evaluated − other (and sometimes more cautious) assumptions may not be 
unreasonable; see assumptions categorised as WRP (within the range of possibilities) in 
Appendix E. These alternatives are taken into account in defining the range of 
calculation cases in Formulation of Radionuclide Release Scenarios, as well as other 
complementary analyses of sensitivities and uncertainties described in Chapters 9 and 
12. Simplifications made to facilitate numerical modelling are classified in Appendix E 
according to whether they have little effect on the calculation results, or are cautious, in 
that they can be shown to result in an overestimate of consequences.  
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2.6.2 Main models and information flows 

Figure 2-4 shows the main models and information flows used in the analysis of 
calculation cases (the elements of the figure are described in more detail in later parts of 
this report). Models for the analysis of radionuclide release, retention and transport are 
shown in white boxes in the figure. Key supporting process models are shown as green 
boxes and system descriptions as light blue boxes. 

Relevant processes, and how they are handled in models of radionuclide release, 
retention and transport in the repository system, are described in Chapter 3. In the 
models used in the analysis of most calculation cases, radionuclides released from a 
failed canister are dissolved in water and conveyed in solution through the repository 
near field and through the geosphere towards the biosphere (gas- and colloid-mediated 
transport are also considered in some calculation cases). The most important 
radionuclide retention and transport processes included in near-field and geosphere 
transport models are advection, diffusion and sorption, and also solubility limitation in 
the near field. 

Consistent with most safety analyses carried out internationally, the modelling of 
radionuclide release and transport in the repository system is carried out in two 
sequential steps: near-field release and transport modelling, and geosphere transport 
modelling, with the output from the former (near-field releases) providing input to the 
latter. It is assumed that radionuclides migrate from the repository near field to the 
geosphere, but not vice versa. Similarly, it is assumed that radionuclides may migrate 
only from the geosphere to the biosphere and not vice versa. These assumptions are 
consequences of the further assumption that radionuclide transport in the geosphere is 
dominated by advection (retarded by matrix diffusion and sorption) in flowing water 
that migrates from the near field through a fracture network to the biosphere.  

Geosphere transport modelling provides, as output, release locations and release rates to 
the biosphere, i.e. the geo-bio fluxes, which are used directly in radiological impact 
analyses, where comparison is made with the regulatory release constraints shown in 
Table 2-1. The modelling of radionuclide transport in the surface environment is 
described in detail in Biosphere Assessment.  
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Figure 2-4. Models and information flows. Radionuclide release and transport models 
are shown in white boxes. System descriptions and understanding are shown in light 
blue boxes, key supporting models in green boxes and their principal outputs in dark 
blue ovals.  
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2.6.3 Treatment of evolving conditions 

The Olkiluoto site is located in a geologically stable region with low tectonic activity, 
low relief and low erosion rates as well as a fracture system that provides plasticity to 
the bedrock. The engineered barriers are also chosen for their stability in the conditions 
that are expected to occur at repository depth. Nonetheless, the repository system will 
evolve and different features, events and processes (FEPs) will affect the performance 
of the repository system over the course of time (FEPs and their interactions are 
described in Features, Events and Processes and their impact on disposal system 
performance is considered in Performance Assessment). FEPs relevant to radionuclide 
release and transport are taken into account in the formulation of scenarios and 
calculation cases (Formulation of Radionuclide Release Scenarios) and in the choice of 
models used for their analysis. 

The models used for radionuclide release calculations implicitly take account (via user-
defined release rates) of the evolution (degradation) of the spent nuclear fuel, the fuel 
cladding and other metal parts containing activation products. Where initial penetrating 
defects are postulated to exist in one or more canisters, the near-field model can, if 
required, incorporate the evolving size of this defect and the evolution of the volume of 
water-filled space in the canister interior. Solubility limits and distribution coefficients 
in the near field and geosphere, and groundwater flow rates can also be assigned time-
dependent values to take into account the evolution of geochemical conditions and of 
the groundwater flow distribution. The challenge in all these cases is to assign suitable 
parameter values to characterise these changes. In general, this involves a combination 
of detailed process modelling and more qualitative argumentation. 

In the case of evolving geochemical conditions and evolving groundwater flow 
distribution, the approach in previous Posiva safety assessments has generally been to 
consider a range of different possible geochemical conditions or flow distributions that 
may occur over time as the system evolves, and, for each of these, model radionuclide 
release, retention and transport on the assumption of a geochemical steady state. This 
approach is also adopted in TURVA-2012, but is complemented by calculation cases in 
which the evolving geochemical conditions and flow distribution are modelled 
explicitly (albeit in a highly simplified manner) in the variant and disturbance scenarios 
analysed in Sections 10.2, 11.2 and 11.3. The explicit modelling of time dependency of 
flow and geochemical conditions in these scenarios takes account of the adverse 
possibility that radionuclides may accumulate within the repository system under one 
set of conditions, and then be relatively rapidly transported to the biosphere when 
conditions change. 

2.7 Computer codes 

In previous Posiva safety assessments, the radionuclide release from the repository and 
transport to the biosphere has mostly been computed with the near-field release, 
retention and transport code REPCOM, which was developed in-house by the VTT 
Technical Research Centre of Finland, and with the geosphere transport code FTRANS 
(FTRANS 1983).  
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For TURVA-2012, REPCOM has been superseded by the code GoldSim for all near-
field release and transport calculations. In the Monte Carlo simulations, geosphere 
retention and transport are also modelled using GoldSim. The code MARFA is used to 
analyse geosphere transport in the deterministic calculation cases. MARFA and 
GoldSim are described in detail in Appendix A. REPCOM and FTRANS have, 
however, been used in the code intercomparison exercises described in Poteri et al.  
(2012), which are part of the code verification process undertaken for GoldSim and 
MARFA. 

There were several reasons for replacing REPCOM with GoldSim. Firstly, the 
radionuclide transport module of GoldSim (GoldSim RT) allows modelling that is more 
realistic in some respects compared with REPCOM. In particular, unlike REPCOM, 
solubility limits can be imposed throughout the buffer and in the backfill, and isotopes 
of the same element are properly taken into account when evaluating whether or not 
solubility limits are exceeded. In the code comparison test cases described in Poteri et 
al. (2012), the effects of the deficiencies in REPCOM in these respects on the 
radionuclides significant to long-term safety (Ra-226 and the plutonium isotopes) are 
shown to be minor. However, if the chemical environment of the disposal site changes, 
it cannot be excluded that the proper consideration of shared solubilities in the buffer 
and backfill by isotopes of the same element could cause the results of GoldSim to 
differ substantially from those of REPCOM. 

GoldSim is also well suited to perform the Monte Carlo simulations necessary for PSA, 
and includes some post-processing tools to perform statistical analyses on the results of 
the simulations. Furthermore, from the point of view of managing the analyses of 
calculation cases, there are clear benefits of using a single code for (at least some) 
integrated near-field and geosphere calculations. Finally, the user interface of GoldSim 
is more user-friendly, more illustrative and clearer than that of REPCOM.  

2.8 Parameter values and PDFs 

The models and computer codes used in the analysis of calculation cases require the 
specification of parameter values or, for Monte Carlo simulations and PSA, probability 
density functions (PDFs) of a number of different types. These include parameters 
related to physical or chemical features, events and processes, such as: 

 those describing the initial state of the repository system, including geometrical 
parameters, spent nuclear fuel types and burn-ups, radionuclide inventories and 
their partitioning between the spent nuclear fuel matrix, the zirconium alloy 
cladding, other metal parts and the instant release fraction (see Section 3.1); 

 those describing the evolution of the repository system and its safety functions, 
including e.g. the nature and number of canister failures, the evolution of the 
transport resistance provided by a penetrating defect in a canister, and the evolution 
of groundwater flow and geochemical conditions; and 

 those characterising radionuclide release and transport processes under these 
evolving conditions. 
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Many of the parameter values and PDFs are based on data ranges that are given in 
Models and Data for the Repository System and several background reports for the near 
field and geosphere (e.g. Wersin et al. 2012a, b, Hartley et al. 2012a, Hakanen et al. 
2012). The values assigned depend, in some cases, on the conceptual models for 
repository evolution and radionuclide release and transport (e.g. if it is assumed that 
there is some disturbance to the buffer/rock interface, this will affect the setting of the 
parameter values describing groundwater flow at the interface). Other parameter values, 
such as those describing the rate and timing of canister failures and the evolution of the 
transport resistance provided by an initial penetrating defect in a canister, are based on 
supporting analyses, including process modelling, scoping calculations and qualitative 
considerations. 

Consideration of parameter correlations in Monte Carlos simulations is potentially 
important as their omission could, in principle, lead to extreme results if unreasonable 
combinations of parameter values are sampled, which in turn could bias the results of 
the PSA. This topic has been investigated in Cormenzana (2012b), where Monte Carlo 
simulations are performed using both correlated and uncorrelated values for all the near-
field flows and geosphere flow-related parameters. The results of the Monte Carlo 
simulations (expressed as cumulative distribution functions of the peak release rates 
from the near field and to the biosphere of the main radionuclides and the whole 
inventory) have, however, been found to be quite similar with and without correlations. 

Truncated log-normal PDFs are assigned to some parameters for which many data are 
available (solubilities and sorption coefficients in the buffer and backfill). Log-uniform 
PDFs are assigned to the remaining parameters, because the uncertainty typically spans 
one or more orders of magnitude. Using log-uniform PDFs ensures that the whole range 
of uncertainty in the parameter values can be explored with a reasonable number of 
realisations, although it tends to overestimate the probability of bounding cases 
(maximum solubility, minimum sorption, etc.) that have the highest consequences. 
While this would be of concern in a probabilistic safety assessment (i.e. in the 
evaluation of risk), it is of less consequence where the Monte Carlo simulations are used 
only for sensitivity analyses (i.e. the identification of sensitive parameters), which is the 
case in the present study. 

In addition to parameters of the types mentioned above, parameters controlling e.g. 
numerical discretisation of time and space are also specified. The assignment of 
numerical parameters is an aspect of quality assurance in the implementation of 
calculations, and is discussed further in Chapter 14. 
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3 MODELLING RADIONUCLIDE RELEASE, RETENTION AND 
TRANSPORT 

This chapter describes the broad model concepts and mathematical equations used to 
model radionuclide release and transport in the repository system. Section 3.1 describes 
the spent nuclear fuel and its associated radionuclide inventory. Processes related to the 
migration of these radionuclides through the repository system in the event of canister 
failure are identified in Section 3.2. The ways in which radionuclide release, retention 
and transport are modelled in the repository near field and geosphere are described in 
Sections 3.3 and 3.4, respectively. The modelling approaches adopted for the special 
issues of transport mediated by colloid and gas are presented in Section 3.5 and 3.6. 
Finally, the implementation of the models in computer codes is described in Section 3.7.   

3.1 Spent nuclear fuel and radionuclide inventory 

For modelling purposes, the radionuclide inventory inside the spent nuclear fuel 
canisters is assigned to three characteristic locations in a fuel rod (see Figure 3-1), 
namely (i) the fuel matrix, (ii) the grain boundaries and gaps, and (iii) structural 
materials. Following canister failure and contact of the fuel with water, there will be a 
relatively rapid release to solution of the radionuclide inventory at grain boundaries, in 
gaps and in corroding metals. This part of the radionuclide inventory is quantified by 
multiplication of the total inventory by an instant release fraction, or IRF, so-called 
because the release of this part of the inventory to solution is cautiously modelled as 
instantaneous. 

 

 

 
Figure 3-1. Illustration of a section of a spent nuclear fuel rod, showing cracked fuel 
pellets with grain boundaries and gaps. 
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Activation products not assigned to the IRF are assumed to be homogeneously mixed in 
the structural materials, and are released congruently as these materials corrode, 
following water ingress to the canister interior. Corrosion rates are specified separately 
for: (i) zirconium alloy6 and (ii) other metal parts7. Similarly, radionuclides embedded 
in the fuel matrix that are not assigned to the IRF are assumed to be released 
congruently with fuel matrix dissolution. 

The overall inventory and its partitioning will vary according to the type of spent 
nuclear fuel, its burn-up and its enrichment. It is not practical to consider explicitly the 
variability in activity inventories and molar masses between different canisters in the 
radionuclide transport analyses. Rather, the approach adopted is to define a reference 
inventory that combines the properties of fuel assemblies in a cautious way (see Section 
6.3). 

A screening procedure is used to limit the number of radionuclides in the inventory that 
need full treatment in modelling radionuclide release, retention and transport in the 
disposal system and radiation exposures of humans, plants and animals. Applying this 
procedure, radionuclides that have no plausible safety relevance are excluded. The 
procedure is described in Appendix F.  

3.2 Radionuclide migration processes 

3.2.1 FEPs and their categorisation 

The formulation of scenarios, the definition of calculation cases and the development of 
models to analyse these cases take into account the safety functions of the repository-
system barriers and the uncertainties in the features, events, and processes (FEPs) that 
may affect the disposal system (i.e. repository system plus the surface environment) 
from the emplacement of the first canister until the far future. The FEPs considered in 
TURVA-2012 are compiled in a FEP database and described in Features, Events and 
Processes. 

The primary focus is on uncertainties in those FEPs that may affect the long-term 
performance of the repository system, the evolution of the surface environment and the 
consequences of any radionuclide releases. In Features, Events and Processes and in the 
FEP database, processes are categorised as either evolution-related (E), which are those 
that mostly affect the physical state of the repository system or biosphere, or migration-
related (M), which are those that mostly affect the retention, transport and distribution 
of radionuclides. There is not always a clear-cut distinction, and some processes are 
categorised as both E and M, but this simple distinction is useful to ensure that all 
relevant migration processes (M FEPs) are considered when developing the 
radionuclide transport models applied in the safety assessment.  

                                                 

6Fuel cladding is usually composed of different types of zirconium alloys (Zr-Nb) (see Section 5.1.2 in 
Description of the Disposal System for details). 

7Depending on the fuel type, the other structural elements of the fuel assemblies may include, e.g. 
stainless steel or nickel alloys (see Section 5.1.3. in Description of the Disposal System for details). 
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3.3.2 Migration-related processes in the repository system 

Table 3-1 lists processes identified in Features, Events and Processes as related to the 
retention and transport of radionuclides (and other substances) in the repository near 
field, and indicates how they are treated in radionuclide transport modelling. Table 3-2 
provides similar information for the geosphere. 

Table 3-1. Processes related to the retention and transport of radionuclides in the 
repository near field and their treatment in modelling repository system scenarios. 

Process FEP 
number 

Treatment in radionuclide transport modelling 

Fuel and cavity 

Aqueous solubility and 
speciation 

3.3.1 Accounted for in the modelling of precipitation of 
solids (see FEP 3.3.2). 

Precipitation and co-
precipitation 

3.3.2 Precipitation in water-filled void spaces within the 
canister is modelled explicitly. Co-precipitation 
conservatively omitted. 

Sorption 3.3.3 Sorption on the surfaces of the fuel and its 
degradation products and on structural materials and 
their corrosion products is conservatively omitted. 

Diffusion in fuel pellets 3.3.4 Fission products generated in the fuel migrate in the 
spent nuclear fuel pellet (UO2 matrix) during reactor 
operation by thermally activated diffusion and by 
athermal diffusion. Thermal and athermal diffusion are 
taken into account in the definition of the IRF, 
although athermal diffusion is insignificant under 
repository conditions. 

Canister 

Aqueous solubility and 
speciation 

4.3.1 Accounted for in the modelling of precipitation of 
solids (see FEP 4.3.2). 

Precipitation and co-
precipitation 

4.3.2 Precipitation in water-filled void spaces within the 
canister is modelled explicitly. Co-precipitation is 
conservatively omitted. 

Sorption 4.3.3 Sorption is conservatively omitted. 

Diffusion 4.3.4 Implicitly treated via the assumption that radionuclides 
in the form of dissolved species are well-mixed in the 
water-filled void space in the canister interior. 

Advection 4.3.5 

Colloid transport 4.3.6 Not modelled explicitly, except in complementary case 
CS3-COLL (Section 12.2.3) where intrinsic colloids 
formed in the internal void space of the canister 
escape following erosion of the buffer. Otherwise, any 
intrinsic colloids formed within the internal void space 
of the canister are assumed to be confined there due 
to the filtering effects of the buffer.  

Gas transport 4.3.7 Included implicitly in modelling gas-mediated release 
and transport of C-14 in the AIC disturbance scenario 
(Section 12.3). 

Buffer 

Aqueous solubility and 
speciation 

5.3.1 Accounted for in the modelling of precipitation, 
sorption and diffusion (FEPs 5.3.2, 5.3.3 and 5.3.4). 

Precipitation and co-
precipitation 

5.3.2 Precipitation within the buffer is modelled explicitly. 
Co-precipitation is conservatively omitted. 

Sorption 5.3.3 Sorption within the buffer is modelled explicitly. 
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Process FEP 
number 

Treatment in radionuclide transport modelling 

Diffusion 5.3.4 Diffusion within the buffer is modelled explicitly. 

Advection 5.3.5 Advective transport in the buffer is negligible, except 
in cases where the buffer becomes degraded over 
time. 

Colloid transport 5.3.6 Colloid transport in the unperturbed buffer is 
excluded. In the analysis of scenarios involving buffer 
erosion (see Sections 10.2 and 11.3), the boundary 
between the buffer and flowing water in fractures is 
assumed to act as a source of colloids. A 
complementary case CS3-COLL (Section 12.2.3) is 
also analysed where intrinsic colloids formed in the 
internal void space of the canister escape following 
erosion of the buffer. 

Gas transport 5.3.7 Included implicitly in modelling gas-mediated release 
and transport of C-14 in the AIC disturbance scenario 
(Section 12.3). 

Deposition tunnel backfill 

Aqueous solubility and 
speciation 

6.3.1 Accounted for in the modelling of precipitation (FEPs 
6.3.2, 6.3.3 and 6.3.4). 

Precipitation and co-
precipitation 

6.3.2 Precipitation within the backfill is modelled explicitly. 
Co-precipitation is conservatively omitted. 

Sorption 6.3.3 Sorption within the backfill is modelled explicitly. 

Diffusion 6.3.4 Molecular diffusion within the backfill is modelled 
explicitly. 

Advection 6.3.5 Advective transport within the backfill is modelled 
explicitly. 

Colloid transport 6.3.6 Not modelled. 

Gas transport 6.3.7 Not modelled. 

Auxiliary components (backfill in other openings and plugs and seals of deposition tunnels, 
central tunnels, shafts, access tunnel and research boreholes) 

Transport through auxiliary 
components 

7.3.1 Backfilling and sealing are intended to prevent 
preferential transport paths. Groundwater flow 
modelling variants are analysed to investigate the 
effects of higher conductivity of the backfill in all 
tunnels (see Section 4.1.2). 

 

Table 3-2. Processes related to the retention and transport of radionuclides in the 
geosphere and their treatment in modelling repository system scenarios. 

Process FEP 
number 

Treatment in radionuclide transport modelling 

Aqueous solubility and 
speciation 

8.3.1 Accounted in the modelling of sorption (FEP 8.3.3). 

Precipitation and co-
precipitation 

8.3.2 Not modelled. 

Sorption 8.3.3 Sorption on fracture coatings and rock matrix pore 
surfaces is modelled explicitly. 

Diffusion 8.3.4 Molecular diffusion within fracture coatings and the 
rock matrix is modelled explicitly. 

Advection 8.3.5 Advective transport along geosphere transport paths 
is modelled explicitly. 
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Process FEP 
number 

Treatment in radionuclide transport modelling 

Colloid transport 8.3.6 Modelled explicitly only in the analysis of scenarios 
involving buffer erosion (see Sections 10.2 and 11.3), 
where the boundary between the buffer and flowing 
water in fractures is assumed to act as a source of 
colloids. 

Gas transport 8.3.7 Included implicitly in modelling gas-mediated release 
and transport of C-14 in the AIC disturbance scenario 
(Section 12.3). 

 

The main retention and transport processes modelled explicitly in all calculation cases 
are: 

 solubility limitation by precipitation in water-filled void spaces in the canister 
interior, and in the pore water of the buffer and backfill; 

 diffusion in the buffer, retarded by sorption; 

 diffusion and advection in the backfill, also retarded by sorption; 

 advection along geosphere transport paths; and  

 matrix diffusion in the geosphere retarded by sorption. 

The retention and transport equations that incorporate these processes are described in 
the following sections of this chapter. Model variants are also described that deal with 
colloid-facilitated radionuclide transport and transport of radionuclides in gaseous form. 

Aqueous speciation of the elements released from the spent nuclear fuel also appears in 
Tables 3-1 and 3-2. Speciation is considered indirectly in retention and transport 
modelling. In particular, calculations of the speciation of certain elements have been 
performed that indicate the main complexes expected to be formed in solution in the 
internal void space of the canister, in the pore water of the buffer and backfill, and in 
groundwater in the geosphere. Speciation is then taken into account when assigning 
parameter values for modelling sorption and diffusion (see Chapter 5). 

3.3 Release, retention and transport in the near field 

3.3.1 Model domain 

The repository near field is taken to comprise the spent nuclear fuel, the deposition 
holes, including the canisters and buffer, the backfilled deposition tunnels and that part 
of the immediately surrounding host rock that is affected by the presence of the 
repository (e.g. excavation-disturbed zones). Chemical disturbance of the host rock by 
the repository is expected to have negligible effect on its transport-relevant properties at 
the time of any radionuclide release and is not considered explicitly in near-field release 
and transport modelling. Excavation of the repository openings and the thermal effects 
of the spent nuclear fuel may both lead to damage to the immediately adjacent rock. The 
damaged zone around the deposition holes and excavation-damaged zone (EDZ) along 
the deposition tunnels may provide potential transport pathways for radionuclides and 
they are modelled as part of the near-field model domain. 
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3.3.2 Main features and physical dimensions 

The main features and physical dimensions of the near-field model in a vertical section 
normal to the deposition tunnel axis and passing through the centre of a deposition hole 
are shown in Figure 3-2. The dimensions of the canister and deposition hole are taken to 
be those for OL1-2 fuel. The geometry of the deposition tunnel has been simplified for 
modelling purposes; it is treated as having a rectangular cross section, whereas, in 
reality, the roof of the tunnel has a curved shape8.  

The main features and physical dimensions in a vertical section passing through the 
centre of a deposition hole parallel to the deposition tunnel axis are shown in Figure 3-3. 

Water flow is considered to occur in the deposition tunnel backfill, the EDZ, the 
deposition-hole damaged zone and in natural rock fractures intersecting both the 
deposition tunnel and the deposition hole. No significant water flow is assumed to occur 
in the buffer due to its low hydraulic conductivity, except in a few calculation cases 
where this buffer material is assumed to experience slow erosion over time, leading to 
the eventual establishment of advective conditions.  

The EDZ is depicted as a continuous feature below the deposition tunnel in Figure 3-3. 
In groundwater flow modelling, however, the possibility that this feature is 
discontinuous, i.e. broken into discrete sections with gaps in between, is also considered 
(see Chapter 4, Figure 4-3). This influences the properties assigned to the radionuclide 
transport paths, which are based on the results of groundwater flow modelling.  

 

                                                 

8 The detailed design is presented in Description of the Disposal System. 
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Figure 3-2. Main features and physical dimensions of the near field model in a vertical 
section passing through the centre of a deposition hole normal to the deposition tunnel 
axis. 
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Figure 3-3. Main features and physical dimensions of the near field model in a vertical 
section passing through the centre of a deposition hole parallel to the deposition tunnel 
axis. 
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A number of scenarios are identified in Formulation of Radionuclide Release Scenarios 
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of canister failure, i.e. the potential canister failure modes, are the following. 

1. The presence of an initial defect in the copper overpack of the canister that 
penetrates the overpack completely (subsequent corrosion of the insert may then 
lead to an enlargement of the defect). 

0.5 m

4.8 m

2.5 m

4.0 m 

7.8 m 

1.05 m

1.75 m

Deposition tunnel 

Deposition

hole 
C

an
is

te
r 

  

EDZ

Damaged zone

Water-conducting 
fractures 

Water flow in 
deposition tunnel 

backfill 

Water flow in 
EDZ 



59 

 

2. Corrosion of the copper overpack, which occurs most rapidly in scenarios in which 
buffer density is reduced, e.g. by erosion. 

3. Shear movements on fractures intersecting the deposition holes. 

 
3.3.4 Radionuclide release to the internal void space in the canister 

Canister failure will lead to the ingress of water to the canister interior and to 
radionuclide release. 

In the case of an initial penetrating defect, it is assumed to take a finite amount of time 
for water to enter the canister, penetrate the canister insert and to contact the zirconium 
alloy cladding, the other metal parts and spent nuclear fuel, and for a transport pathway 
to be established between the internal void space of the canister and the canister 
exterior. In the case of other canister failure modes, ingress of water and the 
establishment of a transport pathway are assumed to occur instantaneously upon 
canister failure.  

Following water ingress, slow dissolution of the spent nuclear fuel matrix and corrosion 
of the zirconium alloy and other metal parts commences, leading to the release of 
embedded radionuclides. Fuel dissolution is assumed to take place at a constant 
fractional rate, with congruent release of radionuclides. It is also assumed that the 
inventory of activation products in zirconium alloy and other metal parts is released 
congruently with the corrosion of these metals. The instant release fraction (IRF) and 
radionuclides released due to fuel dissolution and corrosion of metals may enter 
solution. If their solubilities in water are low they may also precipitate either as 
immobile solids or as colloids. Radionuclides present as gaseous species may also mix 
with, and be transported by, repository generated gas, see Section 3.6. 

Dissolved radionuclides are assumed to be uniformly mixed in the water present in the 
internal void space of the canister. Transport resistances of the inner structural parts of 
the canister, the fuel and the fuel cladding, which in reality could hinder mixing, are 
disregarded, since they are subject to poorly quantifiable uncertainties.  

Radionuclides may also sorb onto solid surfaces, such as those of the iron 
oxyhydroxides formed by corrosion of the iron insert of the canister, but this poorly 
quantified process is cautiously omitted in modelling.  

3.3.5 Solubility limitation in the internal void space of the canister 

In the internal void space of the canister, the dissolved concentrations of radionuclides 
released from the spent nuclear fuel are constrained by solubility limits. Concentrations 
of all isotopes of the same element, including stable isotopes, are taken into account 
when evaluating whether the solubility limit of that element has been reached, i.e. the 
maximum dissolved concentration of all isotopes of an element E in solution is equal to 
the elemental solubility limit [mol/m3].  

The maximum dissolved concentration of a specific isotope N, , [mol/m3], is 
obtained by scaling  by the ratio of the mass (dissolved or precipitated) of 
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radionuclide N to the total mass (dissolved or precipitated) of all isotopes of an element 
E in the internal void space of the canister: 

, , ,

	 	 	

 ; (3.3-1)

where , is the dissolved concentration of isotope i of element E [mol/(m3 solution)]. 

Unless the surrounding buffer is significantly perturbed (e.g. by erosion), any intrinsic 
colloids formed when solubility limits are exceeded will remain in the internal void 
space of the canister, because the microporous structure of compacted bentonite 
provides an effective colloid filter. Thus, precipitation of solids or colloids is a 
mechanism for the retention of radionuclides in the internal void space of the canister. 

3.3.6 Release to the buffer 

In cases where a canister has an initial penetrating defect, the defect is assumed to 
provide resistance to radionuclide transport either indefinitely, or for a finite period of 
time following which this transport resistance is lost. For modelling purposes, the 
transport resistance of the defect is calculated based on the assumed transport properties 
of the material that fills the defect (e.g. water, corrosion products and/or bentonite, the 
bentonite potentially being chemically perturbed by the corrosion products). The defect 
in the canister is assumed to take the form of a single circular, cylindrical hole of a 
given diameter (1 mm) through the copper overpack (Figure 3-4). 

 

Figure 3-4. Model representation of a small, penetrating defect in the canister wall. 
Diameter of the defect, d, is typically assumed equal to 1 mm. The depth lc (the thickness 
of the copper overpack) is equal to 5 cm.  
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For other canister failure modes, the canister is cautiously assumed to provide no 
resistance to radionuclide transport following canister failure. 

3.3.7 Retention and transport in the buffer 

Except in calculation cases where the buffer is significantly perturbed, e.g. by erosion, 
radionuclide transport is assumed to take place by aqueous diffusion, retarded by 
sorption on buffer pore surfaces.  

Diffusive transport of the isotope N of element E in the buffer is described by: 

,
, , , Θ  

; (3.3-2)

where: 

 is the element-specific available porosity of the buffer (element-specific to 
account, e.g., for the effects of anion exclusion, see below); 

 is the pore diffusion coefficient of element E [m2/s]; 

N the rate of radioactive decay [1/s]; 

Θ  is a radionuclide source term accounting for any radioactive ingrowth from 
parent radionuclides [mol/(m3·s)]; 

 is a retardation coefficient for the element E in the buffer, which accounts 
for the distribution of the radionuclide between the aqueous and sorbed 
phases due to sorption; and 

PN,E is the rate of precipitation or dissolution of radionuclide N, [mol/(m3 of 
solution·s)], to maintain the dissolved concentration at or below the 
solubility limit.  

Buffer pore surfaces, being negatively charged, repel anions. Anion concentrations in 
narrow pores and near to pore surfaces in larger pores are therefore less than those of 
neutral and cationic species, for given concentrations at the boundaries. This “anion 
exclusion” effect is treated in transport modelling by assigning the buffer a lower 
available porosity and lower pore and effective diffusion coefficients when modelling 
anion transport compared with the values for neutral and cationic species.  

The amount of any element sorbed on buffer pore surfaces is assumed to adjust rapidly 
to changes in aqueous concentration, and to be proportional to this aqueous concentra-
tion at any time, i.e. for transport modelling, linear, equilibrium sorption is assumed, 
quantified by an element-dependent distribution coefficient (Kd). Based on this 
assumption, the retardation coefficient, E

pbR , is given by:  

1
1

 ; (3.3-3)

where: 

 is the distribution coefficient of element E [m3/kg]; 
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ρsb is the buffer grain density [kg/m3]; 

b  is the total porosity of the buffer (equal to the available porosity in the case 

of neutral species and cations); and 

 is the available porosity of the buffer for element E. 

 
The assumption of linear, equilibrium sorption entails a simplification of relatively 
complex sorption processes. The assumption of linearity is, however, usually met at the 
low concentrations that are of interest, and the assumption of equilibrium is met if the 
sorption occurs on a timescale that is much shorter than the timescale for slow diffusive 
transport across the buffer. 

To account for solubility limitation of concentrations, the maximum dissolved 
concentration of isotope N in the buffer is set by scaling the elemental solubility limit by 
the ratio of the total mass of radionuclide N (in solution, sorbed or precipitated) to the 
total mass of all isotopes of an element E (in solution, sorbed or precipitated). 

In the case of an initial penetrating defect in the canister, as long as the canister and 
defect provide transport resistance, radionuclide flux is zero in the direction normal to 
the canister surface, except at the defect itself, where the radionuclide mass flow rate is 
treated using the concept of mass transport resistances, and is derived as follows.  

The steady-state activity flow rate by diffusion through the defect can be calculated 
according to Fick´s first law. 

; (3.3-4)

where: 

Ah is the area of the defect [m2]; 

Dh is the effective diffusion coefficient in the material filling the defect [m2/s]; 

lc is the length of the defect [m]; 

Ci is the activity concentration inside the canister [Bq/m3]; 

C1 is the activity concentration at the outer end of the defect [Bq/m3]; 

Qch is the resulting equivalent flow rate through the defect [m3/s]. 

From the outer end of the defect, diffusing species are assumed to spread out radially 
into the buffer. The activity flow rate between two concentric hemispherical surfaces at 
radii rh and the much larger outer radius can be described according to the equation: 

2  ; (3.3-5)

where: 

rh is the radius of the defect in the canister [m]; 

C1 is the activity concentration at the mouth of the defect [Bq/m3]; 
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C2 is the activity concentration at distances into the buffer that are large 
compared with the defect diameter [Bq/m3]; and 

Qhm is the resulting equivalent flow rate [m3/s] from the mouth of the defect into 
the buffer. 

The transfer resistances (the reciprocals of the equivalent flow rates) are combined 
according to the “resistors in series” principle to obtain the mass flow rate from the 
internal void space of the canister into the buffer: 

1 1
 . (3.3-6)

It is shown in Section 13.5 that the fractional mass transfer rate from the canister to the 
buffer, which is proportional to the equivalent flow rate Qc [m

3/s] in Equation 3.3-6, is 
generally much less than (and is therefore more significant to overall mass transfer in 
the repository system than) other transfer rates in the repository near field or between 
the repository near field and geosphere.  

For other canister failure modes, and in the case of an initial penetrating defect after loss 
of defect transport resistance, the concentration in the buffer at its interface with the 
canister is set equal to the dissolved radionuclide concentration in the internal void 
space of the canister. Radionuclide concentrations and fluxes are assumed to be 
continuous across the buffer/backfill interface. 

3.3.8 Retention and transport in the backfill 

Advective/diffusive transport of the isotope N of element E in the backfill is described 
by: 

,
, ,

, , Θ  

; (3.3-7)

where: 

 is the element-specific available porosity of the backfill (element-specific to 
account, e.g., for the effects of anion exclusion); 

 
is the pore diffusion coefficient of element E [m2/s]; 

q is the flux of water (flow rate per unit area) in the deposition tunnel [m/s]; 
and 

 is the retardation coefficient for the element E in the backfill, which 
accounts for the distribution of the radionuclide between the aqueous and 
sorbed phases due to sorption, calculated in the same manner as for the 
buffer. 

For other parameters, the same notation is applied as in the case of the buffer. Element-
specific solubility limits are also applied in the same manner as in the buffer.  
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Variations in the flow field within the backfill, coupled with mechanical mixing and 
molecular diffusion, can result in local water flows and velocities that differ from the 
larger-scale average, leading to the spatial spreading of radionuclide releases in a 
process termed hydrodynamic dispersion, which is generally modelled as a diffusion-
like process. However, when defining the PDFs for the model parameters to be used in 
the Monte Carlo simulations, taking into account the various sources of uncertainty, it 
has been found that the hydrodynamic dispersion coefficient in the backfill is always 
much smaller than the effective diffusion coefficient (Cormenzana 2012a). For this 
reason, hydrodynamic dispersion is included in neither the Monte Carlo simulations nor 
the deterministic analysis of calculation cases. 

3.3.9 Release paths to the geosphere 

In the near-field model, there are three transport pathways via which radionuclides 
released from a failed canister can migrate to the geosphere. These pathways, which are 
referred to respectively as F, DZ and TDZ, are illustrated in Figure 3-5: 

 the F-path leads from the canister, through the buffer and the deposition hole 
damaged zone to a host-rock fracture intersecting a deposition hole; 

 the DZ-path leads from the canister to the deposition tunnel EDZ, either directly 
through the buffer or via the deposition hole damaged zone, and thence to a host-
rock fracture intersecting the EDZ; and 

 the TDZ-path leads from the canister, through the buffer to the deposition tunnel 
backfill, and thence to a host-rock fracture intersecting the deposition tunnel.  

Geosphere transport paths are taken to begin where the F- and TDZ-paths first enter a 
host-rock fracture, and where the DZ-path first enters the deposition tunnel EDZ, i.e. 
radionuclide transport in the EDZ is included in geosphere transport modelling and not 
(explicitly) in near-field transport modelling, even though the EDZ is defined as part of 
the repository near field.  

The F-path and the DZ-path are illustrated in Figure 3-6 for the case of an initial 
penetrating defect in the canister. A single, horizontal fracture intersects the deposition 
hole at a level that is cautiously assumed to be the same as that of the defect, thus 
minimising the transport distance through the buffer. The outer boundary of the buffer 
below the level of the fracture (including the line AB in Figure 3-6) is treated as 
impermeable, i.e. a no-flux boundary condition is applied. Along the remainder of the 
outer boundary of the buffer, radionuclide concentrations are assumed to be continuous 
between the buffer and the adjacent damaged zone. This part of the damaged zone itself 
is treated as being perfectly well mixed (spatially constant concentration), such that a 
constant concentration boundary condition is applied along the line BC in Figure 3-6.  
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Figure 3-5. Illustration of the three pathways via which radionuclides released from a 
failed canister can migrate to the geosphere. 
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Figure 3-6. Detailed illustration of the treatment of the F-path and the DZ-path.  
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Radionuclides diffuse from the buffer into the mixing zone, and exit via a fracture that 
intersects the deposition hole or via the tunnel EDZ. They are partitioned between the 
two paths according to the relative equivalent flow rates through the fracture, QF, and 
through the EDZ, QDZ. Thus, if cN

 
[mol/m3] is the dissolved concentration of 

radionuclide N in the mixing zone, the release rate to the F-path,  [mol/s], and to the 
DZ-path,   [mol/s], are given by: 

 ; (3.3-8)

and 

 . (3.3-9)

QF [m3/s] and QDZ [m3/s] are derived from groundwater flow modelling, as detailed in 
Chapter 4.  

This conceptualisation of the damaged zone is one of several alternative 
conceptualisations that have been considered in scoping calculations. The main results 
of these scoping calculations, and the rationale for choosing the particular 
conceptualisation described above, are presented in Appendix C. 

Transfer of radionuclides between the tunnel and the EDZ is not considered in near-
field modelling. However, once released from the near field, the radionuclides follow 
sometimes tortuous transport paths that may include sections that re-enter (and may pass 
between) near-field elements such as the tunnel and EDZ. These paths are treated as 
part of the geosphere transport model, even if they include near-field elements. Note 
that the properties of these paths are derived from groundwater flow modelling, as 
explained in Chapter 4, and near-field elements are included in the groundwater flow 
model.  

The TDZ-path is illustrated further in Figure 3-7. Radionuclides diffuse upwards 
through the 2.5 m of buffer above the canisters and enter the deposition tunnel, where 
they are transported by advection and diffusion through the backfill as far as a 
downstream location along the tunnel where the tunnel is intersected by a water-
conducting fracture. This is the fracture that, in groundwater flow modelling, is entered 
by the particle used in particle tracking to trace the TDZ path. It is not necessarily the 
natural fracture that intersects the tunnel that is nearest to the deposition hole. A particle 
will not enter a natural fracture unless that fracture provides a preferential pathway 
relative to the backfilled tunnel. Such fractures have to be connected to the wider 
fracture network and also have sufficient transmissivity (see Section 3.3 of Hartley et al. 
2012a).  

In modelling radionuclide retention and transport in the backfilled tunnel, the tunnel is 
modelled as a homogeneous porous medium with a uniform flow. In groundwater flow 
modelling, the possibility of voids in the crown space of the tunnel due to partial 
consolidation of the backfill is treated by assigning increased hydraulic conductivity to a 
layer at the top of the tunnel (see groundwater flow modelling case ps_r0_crown_2000, 
Section 4.1.2). The consequences for flow-related transport parameters are discussed in 
Section 8.3 of Hartley et al. (2012a), where it is concluded that assuming crown space 
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voids has a moderate detrimental effect on (i.e. increases) flow in the fractures 
connected to the deposition tunnels, though not on flow in fractures connected to the 
deposition holes, and not on flow-related transport resistance. 

 

 

Figure 3-7. Detailed illustration of the treatment of the TDZ-path.  
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Radionuclides transported along the tunnel are then partitioned, with some entering the 
fracture and some continuing along the tunnel. In particular, if the radionuclide 
concentration at a location s in plane AB in Figure 3-7 is denoted as cN(s) [mol/m3], 
then the release to the fracture, N

AR  [mol/s], is: 

 ; (3.3-10)

where QTDF [m
3/s] is an equivalent flow rate through the fracture and A is the tunnel 

cross-sectional area. 

The rate at which the radionuclides that do not enter the fracture are advected further 
downstream along the tunnel is:  

 ; (3.3-11)

where qTDZ [m/s] is the flux of water (flow rate per unit area) along the tunnel. For 
simplicity, however, transport further downstream along the tunnel is not explicitly 
modelled. Rather, in the deterministic evaluation of calculation cases, this component is 
added to the release to the fracture, such that the total release to the fracture, N

TDZR  
[mol/s], is: 

 ; (3.3-12)

QTDF and qTDZ are derived from groundwater flow modelling, as also detailed in 
Chapter 4.  

Note that this approach overestimates the release to the single fracture that intersects the 
tunnel, but gives a reasonable representation of the combined release to all the fractures 
that intersect the tunnel.  

In the Monte Carlo simulations for the PSA, a similar approach is used, the only 
difference being that the release to the fracture that intersects the tunnel is set equal to 

 in Equation 3.3-12. This definition ensures that the flux of water in the backfill 
(qTDZ) plays just one role in the model and allows clearer conclusions to be drawn 
regarding its importance. The PSA has found that qTDZ has no effect on any model 
output, whereas QTDF has a small influence on the peak release rates from the near field 
for a few radionuclides. If the definition of  in Eq. 3.3-12 had been used in the 
Monte Carlo simulations, the PSA would have found that qTDZ had a small effect on 
some model outputs. 
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3.4 Retention and transport in the geosphere 

3.4.1 Model domain and water-conducting features 

Radionuclides released from the repository near field are transported through the 
surrounding bedrock (the geosphere) by flowing groundwater. Groundwater flow in the 
Olkiluoto host rock takes place mainly in hydraulically active deformation zones (site 
scale hydrogeological zones) and in individual fractures. The hydrogeological zones are 
larger than the individual fractures and carry most of the volumetric water flow in the 
deep bedrock on the site scale. The hydrogeological zones and fractures, collectively 
termed water-conducting features, form a connected network of transport paths that 
could ultimately lead to radionuclides released from the repository near field being 
conveyed to the surface environment. The geosphere model domain comprises the 
volume of rock that contains the transport paths linking radionuclide release points in 
the near field with the surface environment. These paths are identified, and their flow-
related transport properties quantified, by means of groundwater flow modelling, as 
described in Chapter 4. 

It is generally considered that channelling (i.e. preferential flow through openings or 
channels) occurs at some scale length within water-conducting features, as a result, e.g. 
of variations in aperture and hence transmissivity. For example, it is observed that 
inflows from fractures into tunnels can occur at discrete points within the fracture rather 
than along the whole intersection (see, e.g., Neretnieks 2006), although the pattern of 
inflow may be exaggerated by the geometry of the tunnel wall along the fracture trace, 
and there are other effects at play such as degassing. The effects of channelling within 
water-conducting features have been studied e.g. by Crawford (2008) and Neretnieks et 
al. (2010).  

Radionuclides may diffuse into from the open channels into areas of more stagnant 
water in the fracture plane, as well as normal to the plane into interconnected pore 
spaces in the adjacent fracture coatings and in the rock matrix, where water is also 
effectively stagnant. Diffusion normal to the fracture plane is termed matrix diffusion. 
Matrix diffusion, coupled to sorption on the pore surfaces of the fracture coatings and 
rock matrix, is the dominant retention mechanism in the geosphere for many 
radionuclides. Even for non-sorbing species, matrix diffusion may provide significant 
retardation and spreading of radionuclide releases in time. Diffusion into areas of more 
stagnant water in the fracture plane is cautiously omitted in the present retention and 
transport model of the geosphere. However, the (limited) effects of channelling of flow-
related transport parameters have been investigated, as described in Section 4.2.5. 

As noted above, fractures may be coated and the rock matrix itself is also typically 
heterogeneous. For example, the mineralogy and porosity of the rock matrix near to 
fracture surfaces can be altered compared with those of the bulk rock. A schematic 
illustration of the flow channels through water conducting features of different types, 
some with fracture coatings and layers of adjacent altered and unaltered rock, is shown 
in Figure 3-8. The detailed structure and properties of the rock matrix affect the degree 
to which radionuclides are retained by matrix diffusion and sorption. For the 
deterministic analysis of calculation cases, water-conducting features at Olkiluoto are 
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each assigned to one of four different transport classes based on fracture data from the 
site, each with different characteristics for the adjacent rock layers: 

 clay (and possibly sulphide) coated fractures; 

 calcite (and possibly clay and sulphide) coated fractures; 

 slickensided fractures; and 

 other fractures. 

In each case, transport is modelled through a representative flow channel, with up to 
three consecutive layers of diffusion-accessible rock adjacent to each of the channel 
walls.  

 

 

Clay-coated transport class 

 

 

 

Calcite-coated transport class 

 

 

Slickensided transport class 

 

 

 

Other fractures transport class 

 

Figure 3-8. Schematic illustration of a flow channel through water conducting features 
of different types (transport classes).  
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In the Monte Carlo simulations for the PSA, the geosphere is further simplified to 
include only the transport class “other fractures”. This simplification is made to enable 
the results of the PSA to be more easily interpreted. Note, however, that:  

 the fracture coatings, which are absent in “other fractures”, are very thin, in the 
order of a tenths of a millimetre to a couple of millimetres, and, with the exception 
of hydrothermal clays, are assumed in the deterministic analyses to be non-sorbing 
(see Section 6.6); 

 the alteration halos, though they have enhanced porosity, are assigned the same 
distribution coefficients as the unaltered host rock in the deterministic analyses (see 
again Section 6.6).    

 

3.4.2 Transport paths through the geosphere 

Groundwater flow modelling is used to identify the transport routes followed by 
radionuclides released to the geosphere, which are continuations of the near-field F-, 
DZ- and TDZ-paths described in Section 3.3.9. The specific technique used is one of 
particle tracking, where typically one particle is used to track the F-path for a given 
canister location, one is used to track the DZ-path and one is used to track the TDZ-
path, such that each canister location has three potential discharge points to the surface 
environment (see Chapter 4 for details). In reality, there are many possible tracks from 
any given near-field release point though the geosphere fracture network, resulting in a 
spreading of the releases of radionuclides to the surface environment in space and time. 
This effect, termed route dispersion, is analysed in Section 9.8.3. 

A key flow-related transport parameter obtained from groundwater-flow modelling is 
the geosphere transport resistance, WL/Q, where W is the width of the transport path 
along which advection occurs, L is the transport distance and Q is the flow rate through 
the path. Where flow varies along the path, the geosphere transport resistance is defined 
more generally as: 

2
 ; (3.4-1)

where: 

qf is the flux of water (flow rate per unit area) in the flow channels along the 
path [m/a]; and 

2b is the transport aperture of the channels [m]. 

WL/Q values are also obtained separately for those parts of a transport path that pass 
through features assigned to each of the transport classes. The governing equations for 
radionuclide transport are then solved for each path, using these WL/Q values together 
with the transport-relevant properties of each transport class.  
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3.4.3 Retention and transport in water-conducting features 

The main radionuclide retention and transport processes within a water-conducting 
feature are illustrated in Figure 3-9. 

Retention and transport along a geosphere transport path are described by the equation: 

, , , , Θ ,  
; (3.4-2)

where Θ ,
 [mol/(m3·s)] is a source term describing diffusive transfer to and from the 

adjoining rock matrix as well as any radioactive ingrowth from parent radionuclides, the 
form of which is dependent on the thicknesses and transport properties of the layers 
depicted in Figure 3-9. 

The parameter D [m2/s] describes the combined effects of molecular diffusion and 
hydrodynamic dispersion in the channel in the longitudinal (flow) direction and is given 
by: 

 ; (3.4-3)

where: 

 is the effective diffusion coefficient in the channel [m2/s]; and 

 is the longitudinal dispersion length [m]. 

 

 

 

Figure 3-9. The main retention and transport processes in a water-conducting feature. 
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The longitudinal dispersion length can be written in terms of a Peclet number, Pe: 

 
; (3.4-4)

where: 

L is the length of the channel in the flow direction [m]. 

Hydrodynamic dispersion in water-conducting features is considered in the Monte Carlo 
simulations and PSA, where it is shown to have a nearly negligible effect on the peak 
total release rates to the surface environment (Section 9.8.1). It is therefore omitted in 
the deterministic evaluation of calculation cases. 

Other parameters in Equation 3.4-2 are: 

 the dissolved concentration of radionuclide N of chemical element E in the 
pore space of the discrete feature [mol/(m3 of solution)]; and 

RE the retardation coefficient for element E due to sorption on channel surfaces 
(conservatively set to unity in the present safety case). 

In the fracture coatings and rock matrix: 

, , , Θ  
; (3.4-5)

where: 

m is the porosity; 

 
is the pore diffusion coefficient [m2 s-1]; 

Θ  is a radionuclide source term accounting for any radioactive ingrowth from 
parent radionuclides [mol/(m3·s)]; and 

 is a retardation coefficient for the element E, which accounts for the 
distribution of the radionuclide between the aqueous and sorbed phases due 
to sorption.  

Note that all migrating species are assigned the same accessible porosity, i.e. anion 
exclusion effects are not considered (see Section 5.3 for further discussion). 

This retardation factor is given by: 

1
1

 
; (3.4-6)

where: 

 is the distribution coefficient of element E [m3/kg]; and 

ρm is the mineral grain density [kg/m3]. 

Radionuclide concentrations are modelled as continuous across the boundaries between 
the flow channel and adjacent fracture coatings or rock matrix. When matrix diffusion 

ENc ,
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occurs through a layered structure, i.e. when fracture coatings are present and the rock 
matrix is heterogeneous (see Figure 3-8), the porosity, pore diffusion coefficient and 
distribution coefficients can vary between different layers. Dissolved radionuclide 
concentration and radionuclide flux are continuous across the boundaries between 
layers. 

3.4.4 Release to the biosphere 

It is assumed that radionuclide transfer from the geosphere to the biosphere is 
dominated by advection (as noted above, hydrodynamic dispersion in the geosphere is 
omitted in the deterministic analyses of calculation cases), and that there is no 
significant diffusion of radionuclides from the biosphere back to the geosphere. The 
flux of a given radionuclide from a geosphere flow channel to the biosphere (the geo-
bio flux) is thus equal to its concentration at the geosphere-biosphere interface, 
multiplied by flow rate through the channel.  

3.5 Colloid transport 

The effects of natural groundwater colloids on radionuclide transport are expected to be 
small due to their low concentration (Section 5.1 of Performance Assessment). 
Furthermore, in most calculation cases, it is assumed that any colloids generated as a 
result of the repository excavation or materials introduced have negligible effect on 
radionuclide transport. However, if low ionic strength conditions were to arise at 
repository depth, significant amounts of bentonite colloids may be released to the 
groundwater due to the chemical erosion of the buffer. Radionuclides may sorb to these 
colloids, affecting their migration behaviour (Figure 3-10). Bentonite colloids have thus 
been included in transport modelling in the analysis of scenarios involving buffer 
erosion (Sections 10.2 and 11.3).  

 

Figure 3-10. Conceptual model of colloid-facilitated radionuclide transport in the 
geosphere.  



76 

 

In the analysis of these scenarios, the main transport modelling approach involves a 
redefinition of parameters of the near-field release and transport model and also of the 
geosphere transport model parameters. The following simplifying assumptions are made 
(see e.g. Smith (1993) for further discussion): 

 colloids are advected in flow channels with the same velocity as solutes (in reality 
colloids tend to stay centre-stream, and thus migrate somewhat faster than the 
average flow velocity in the channel, although the effect is small compared with 
other uncertainties in this simplified approach); 

 linear, equilibrium (i.e. reversible) uptake of radionuclides on colloids is assumed 
(see, however, the discussion of irreversible uptake, below); 

 the concentration of colloids is constant in space and time; 

 cautiously, there is no interaction assumed between colloids and fracture surfaces; 

 also cautiously, there is assumed to be no penetration of colloids into rock matrix 
pore water due to their size and/or charge (cautious where reversible uptake of 
radionuclides is assumed). 

Under these assumptions, the governing equations for colloid-facilitated radionuclide 
transport in the geosphere are identical in form to those for solute transport with the 
following substitutions: 

→ , ,  (3.5-1) 

where 

, 1
 

, (3.5-2)

and 

→ , ,  (3.5-3) 

where 

, 1
 

. (3.5-4)

mc [kg/m3] is the colloid concentration in fracture water and [m3/kg] is a mass-based 
partitioning coefficient for radionuclide sorption on colloids, so that the concentration of 
a radio-element E sorbed to colloids,  [mol/m3] is given by: 

,  (3.5-5) 

where  [mol/m3] is the concentration in fracture water.  

The derivation of these substitutions is given in Appendix I of SKB (2010a). An 
equivalent derivation is given in Smith (1993). 
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The impact of colloids on the release from the repository near field is accounted for by 
the following substitution: 

→ ,  (3.5-6) 

where 

1 .  (3.5-7) 

The derivation of this substitution is also given in Smith (1993), although it is not used 
in SKB (2010a). 

From the above, it can be concluded that reversible uptake of radionuclides on colloids 
has no significant impact on geosphere transport provided the following condition is 
fulfilled: 

≪ 1,  (3.5-8) 

in which case , ~ , , ~  and ~ . 

This approach assumes reversible uptake of radionuclides on the bentonite colloids. 
There is, however, the possibility that sorption of tetravalent actinides9 Th, U (which 
may occur partly as VI and IV) and Np is at least partly irreversible. The irreversibly 
bound fraction cannot be reliably quantified given the current state of knowledge 
(Schäfer 2012). Thus, the potential impact of irreversible uptake of these actinides on 
colloids is assessed by assuming that they are transported instantaneously and without 
attenuation to the surface upon release from the near field (see Sections 12.2.2 and 
12.4.1). It should be noted that, in reality, any radionuclides sorbed irreversibly on 
bentonite colloids will also be sorbed irreversibly on compacted bentonite, reducing 
near-field releases. Irreversible sorption on compacted bentonite is, however, cautiously 
omitted from these calculations. 

In the calculation cases referred to above, as in the Reference Case, it is assumed that 
any radionuclide-bearing solids or intrinsic colloids (eigencolloids and colloids formed 
by co-precipitation or sorption on corrosion products in colloidal form) formed within 
and around the canister are immobile, or, in the case of colloids, unable to migrate 
through the buffer to the fracture network in the rock. However, the gradual reduction in 
buffer density due to erosion (should low ionic strength water penetrate to repository 
depth) could ultimately lead to the loss of the capacity of the buffer to filter such 
colloids. This possibility is considered in a complementary calculation case CS3-COLL 
defined and analysed in Section 12.2.3, where the modelling approach adopted is not to 
apply any solubility limits in the near field for those radionuclides assumed to form such 
phases, and simply to transfer released radionuclides directly to the geosphere.  

                                                 

9 Pu is assumed tetravalent in alkaline water and glacial water, but is trivalent otherwise (Wersin et al. 
2012a). 
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3.6 Gas transport 

In most calculation cases, it is assumed that radionuclides are transported entirely as 
dissolved species. This includes gaseous radionuclides and radionuclides that can form 
gaseous compounds. From a safety perspective, the most significant of these is C-14, 
which could be present in the repository system as methane. C-14 could, however, also 
be transported as methane by repository-generated gas, and this possibility is considered 
in the analyses of gas-mediated transport described in Section 12.3.  

In modelling gas-mediated transport, it is assumed that all liquid water entering through 
the defect is consumed by corrosion of the cast iron insert. Release of C-14 in gaseous 
form, however, continues due to alteration of the fuel matrix and corrosion of the 
zirconium alloy and other metal parts in the presence of water vapour. The gaseous C-
14 released from the zirconium alloy and other metal parts mixes with IRF C-14 and 
with repository-generated gas: mainly the hydrogen generated by corrosion of the cast 
iron insert.  

As gas is generated, the gas pressure inside the canister will rise until it exceeds the gas 
breakthrough pressure of the buffer. After breakthrough, the gas pressure falls to a 
lower value, sufficient to support the pathways for gas flow and prevent their closure 
due to swelling pressure. Since this pressure is approximately half the breakthrough 
pressure, half the gas contained within the canister, along with the C-14 with which it is 
mixed, is released as a pulse at the moment of breakthrough (see Section 2.3.3 of SKB 
2006). The gas pathways then remain open, transporting gas at a rate equal to that of gas 
generation, until either gas production ceases, or it is greatly reduced, such that gas can 
be dissipated solely by diffusion. The pathways are then expected to close and re-seal. 

Two possibilities are considered regarding the transport of the C-14 pulse release once it 
reaches the geosphere:  

1. Hydrogen gas conveys C-14 though the geosphere with no retardation by matrix 
diffusion.  

2. All hydrogen gas and gaseous C-14 reaching the geosphere dissolves in the 
relatively large amounts of water present in the rock. The C-14 is then transported 
with flowing water through the fracture network to the surface environment, 
retarded by matrix diffusion.  

Both these possibilities are evaluated separately the analyses in Section 12.3. 

3.7 Implementation in computer codes 

The chain of computer codes used in the analysis of radionuclide release scenarios is 
shown in Figure 3-11. 

Near-field release and transport modelling is performed using the transport module of 
the GoldSim computer code. Geosphere transport modelling is carried out using either 
GoldSim or the code MARFA. Both codes are described in Section 2.7 and, in more 
detail, in Appendix A. 
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Figure 3-11. Computer codes for analysis of radionuclide release scenarios. Codes 
used for the analysis of repository system scenarios shown in red. Codes used for the 
analysis of surface environment scenarios shown in blue. 

 

The near-field release and transport model implemented in GoldSim addresses: 

 radionuclide release from a failed canister; and 

 radionuclide transport through the repository near field to the geosphere. 

The geosphere transport model implemented in both GoldSim and MARFA addresses 
the migration of radionuclides released from the near-field via the F-, DZ- and TDZ-
paths through the geosphere fracture network. The geosphere transport resistance, 
denoted as WL/Q, is the main hydrogeological parameter characterising advection along 
each individual transport path through the network.  

MARFA has been used in the analysis of all deterministic calculation cases involving 
geosphere transport, with the exception of the rock shear scenarios described in Sections 
11.2 and 11.3, for which a relatively simple geosphere model has been implemented in 
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GoldSim. Through its direct coupling to the discrete fracture network (DFN) 
groundwater flow modelling described in Chapter 4, MARFA explicitly includes the 
geometric complexity of the fractured geosphere, and is able to calculate the spatial 
distribution of the annual activity release to the biosphere (see the discussion of route 
dispersion in Section 9.8.3). MARFA has also been developed to handle calculation 
cases where time-dependent flow in the geosphere is considered.  

GoldSim has been developed specifically for carrying out Monte Carlo simulations. It is 
thus used for both near-field release and transport modelling and for geosphere transport 
in the PSA. Although simple fracture networks can also be built using GoldSim, it is not 
judged practical to duplicate the geometrical complexity of DFN flow modelling using 
this code. Rather, geosphere transport is modelled using three one-dimensional transport 
paths, one for each of the pathways that connect the near field to the surface 
environment: the F-, DZ- and TDZ-paths. The summed release from these paths is the 
spatially integrated annual activity release to the biosphere.  

It should also be noted that the radionuclide release and transport models implemented 
in GoldSim and MARFA do not explicitly include the impact of repository generated 
gas or colloid-facilitated radionuclide transport. However, these can be treated 
implicitly by modifying the parameter values used by these codes (see Sections 3.5 and 
3.6).  
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4 DERIVATION OF FLOW-RELATED REPOSITORY SYSTEM 
PARAMETER VALUES 

Flowing groundwater has the potential to convey radionuclides released from a failed 
canister through the geosphere to the surface environment. This chapter describes 
groundwater flow modelling and its application in the derivation of flow-related 
parameter values for radionuclide release, retention and transport modelling. The 
modelling approach is described in detail in Hartley et al. (2012a). Aspects most 
relevant to the assessment of radionuclide release scenarios are summarised in the 
following sections. Section 4.1 describes the groundwater flow model used and the flow 
modelling calculation cases analysed. Section 4.2 describes in more detail the 
calculation of flow-related transport parameter values for use in radionuclide release, 
retention and transport modelling (note that the results from groundwater flow 
modelling are also used in performance assessment, e.g. to support the evaluation of 
buffer erosion and canister corrosion; see Appendix B of Performance Assessment). 
Section 4.3 discusses how these parameter values are passed to the repository system 
models. Finally, Section 4.4 described the distributions of flow-related parameter values 
between deposition holes and how these distributions vary between groundwater flow 
calculation cases. It also presents, in more detail, the results of the groundwater flow 
modelling case that provides the flow-related transport parameter values for the Monte 
Carlo simulations, for the Reference Case and for the majority of other, deterministic 
radionuclide transport calculation cases. 

4.1 Groundwater flow modelling and calculation cases 

4.1.1 Modelling approach 

In fractured crystalline rocks, groundwater flow occurs mainly in transmissive structural 
discontinuities such as fractures and deformation zones. Flow is driven by hydraulic 
gradients, the magnitudes and directions of which are typically controlled by 
topography and by fluid density differences resulting from heterogeneities in 
temperature and salinity. 

Groundwater flow in the Olkiluoto bedrock takes place mainly in hydraulically active 
deformation zones (site scale hydrogeological zones, or HZs) and in individual 
fractures. The hydrogeological zones are larger than the individual fractures and carry a 
large part of the volumetric water flow in the deep bedrock on the site scale. The HZs 
and fractures are collectively termed water-conducting features.  

Three nested models are used to represent groundwater flow through the bedrock, each 
addressing a different spatial scale: a regional-scale model; a site-scale model and a 
repository-scale model. The models and data flows between them are illustrated in 
Figure 4-1. 
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Figure 4-1. Three scales of model: regional scale (red outline); extent of DFN within 
the site-scale model (blue outline); and repository scale model (green outline) (after 
Figure 3-1 of Hartley et al. 2012a).  

 
Each model scale is chosen to provide sufficient detail the domain that it covers, whilst 
maintaining computationally tractable representations of the bedrock and repository. 
The general approach is similar to that used in the previous RNT-2008 analysis (Nykyri 
et al. 2008). However, unlike this earlier analysis, the repository and other underground 
openings are included in repository-scale model. The overall model is implemented in 
the computer code ConnectFlow, described in Appendix A. 

The regional-scale model is based on an equivalent porous medium (EPM) concept. 
Appropriate hydraulic and transport properties are obtained by creating model 
realisations of water-conducting features on a regional scale (realisations of the so-
called Hydro-DFN model), identifying the network of connected features, and then 
upscaling the connected network for each finite-element in the EPM computational grid. 
The hydraulic conductivity of the bedrock outside the HZs decreases strongly with 
depth. This is represented in the regional-scale model by assigning a spatially variable 
hydraulic conductivity that is an equivalent effective tensor on the scale of the finite-
element grid. 

The site-scale model occupies an identical domain to the regional-scale EPM 
representation. However, in a volume that encompasses the entire repository structure and 
most of the present-day island, the EPM model is replaced by an embedded discrete 
fracture network (DFN) representation of the fractured bedrock, providing a better 
representation of discontinuous nature of a fracture system. The main purpose of the 
site-scale model is to provide a means to trace transport paths between the boundaries of 
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the repository-scale model and the top surface. The specific approach used combines, 
for most calculations, a deterministic representation of the HZs with a stochastic 
representation of the sparsely fractured bedrock outside these zones, where the 
properties of the fractures are described by statistical distributions. However, there is 
evidence of significant spatial variability in the HZs, implying that the exact distribution 
of transmissivity within them cannot be determined. Hence, a stochastic approach to 
assigning the properties of the HZs is considered in some cases. Multiple stochastic 
realisations of the HZ transmissivity distribution are combined with stochastic 
realisations of the less fractured bedrock to explore the effects of uncertainty in the 
spatial distributions of HZ transmissivity and non-HZ water-conducting features at the 
site. The boundary conditions (pressure) and initial conditions (pressure and density) for 
the site-scale model are imported from the regional-scale model. 

The repository-scale model is based on an EPM model of the main tunnels, deposition 
tunnels and deposition holes embedded within a DFN representation of the host rock. 
The modelled region is necessarily smaller than the site-scale DFN model because of 
the computational cost of representing the repository structures explicitly as a porous 
medium. The boundary conditions (pressure) and initial conditions (pressure and 
density) for the repository-scale model are again imported from the regional-scale 
model. 

The Olkiluoto shoreline is slowly receding due to isostatic uplift, which affects the 
groundwater flow field. The evolution of the shoreline is shown in Figure 4-2. In a few 
thousand years, the shoreline will recede from the site so far that its influence on 
groundwater flow in the vicinity of the repository will become negligible, although the 
response of the subsurface salinity field to this evolution will possibly take somewhat 
longer. Steady-state groundwater flow simulations are therefore carried out for a few 
representative times over the first few thousand years after closure of the repository to 
capture the effects of the gradual evolution of the topography.  
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Figure 4-2. Evolving shoreline around Olkiluoto, showing the present-day situation and 
the situations at around 3000 and 5000 AD.  The present day data are from the 
Topographic database by the National land survey of Finland, permission 41/MYY712. 
Data for the future times are from TESM2011-2012 simulations made using UNTAMO 
simulation tools for the Reference Case (Terrain and Ecosystem Development 
Modelling). 

 

4.1.2 Flow modelling central case and sensitivity cases 

Key uncertainties in groundwater flow modelling concern: 

 the representation of water-conducting features in the bedrock; 

 the properties of the rock damaged zones around deposition holes, of the deposition 
tunnel EDZ, of the tunnel backfill and of sealed drillholes; and 

 the variability of the flow field with time. 

The impacts of these uncertainties are illustrated by defining and analysing a central 
case flow model and a number of sensitivity cases, as summarised in Table 4-1. The 
basis for the most relevant of these sensitivity cases from the point of view the 
assessment of radionuclide release scenarios are described in the following paragraphs. 
A more comprehensive description is given in Hartley et al. (2012a). 

The central case is named ps_r0_2000. The “r0” refers to a specific realisation of the 
stochastic features of the DFN model. The multiple DFN realisations (r1, r2, … r10) 
that are created to explore uncertainty in the spatial distribution of non-deterministic 
water conducting features in the site give rise to cases ps_r1 … r10_2000. The index 
“2000” in the name of the central case indicates that the flow situation corresponds to 
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present-day topography. Variants consider the expected topography at 3000 AD and 
5000 AD. As noted above, the influence of the retreating shoreline on groundwater flow 
in the vicinity of the repository is expected to be negligible after a few thousand years. 
Thus, the situation at 5000 AD is also expected to be representative of the situation at 
later times. 

The intensity and size distribution of potential flowing fractures in the sparsely fractured 
bedrock is uncertain. Hence, three quite different conceptual approaches have been 
investigated (Hartley et al. 2012a): 

Case A:  The intensity of potential flowing fractures is based on an estimate of open 
fracture intensity. This case uses a power-law size model for intensity as a 
function of fracture size, and is adopted in the central case. 

Case B:  The intensity of potential flowing fractures is estimated from the intensity of 
flowing fractures detected from Posiva Flow Log (PFL) measurements. This 
case uses a log-normal size model. 

Case C:  The intensity of potential flowing fractures is estimated from the intensity of 
all fractures. This case is based on a global power-law size model for 
intensity as a function of fracture size that was derived for a geological 
discrete fracture network (Geo-DFN). The Geo-DFN defines sites scale 
fracture domains and the geometrical parameters for models of all fractures, 
i.e. sealed and open fractures, whether connected or not (Fox et al. 2011). In 
applying this model to Case C, parts of the fracture surface area available 
for flow are assigned according to a probability function that depends on 
fracture size (i.e. a larger proportion of fracture surface area is assumed 
open in large fractures than in small). 
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Table 4-1. Flow modelling central case and sensitivity cases. 

Flow modelling case Aims and comments Key assumptions 

ps_r0_2000 
Central case (see main text). Provides a 
reference against which to compare the 
variant cases 

Fracture size model: case A 
Transmissivity model: semi-correlated 
Hydrogeological zone transmissivity: deterministic 
Rock damage around deposition hole: yes 
EDZ below the tunnel floor: discontinuous 
Flow field: year 2000 AD 

ps_r1 … r10_2000 
To examine impact of alternative 
realisations of stochastic fractures. 

Model assumptions as in the central case with the following exceptions: 
Hydrogeological zone transmissivity: stochastic 

ps_r0_a_uncorr_2000 

To examine impact of alternative fracture 
size and transmissivity correlations 
 

Model assumptions as in the central case with the following exceptions: 
Transmissivity model: uncorrelated 

ps_r2_a_uncorr_2000 
Model assumptions as in the central case with the following exceptions: 
Transmissivity model: uncorrelated 
Hydrogeological zone transmissivity: stochastic 

ps_r0_a_corr_2000 
Model assumptions as in the central case with the following exceptions: 
Transmissivity model: correlated 

ps_r2_a_corr_2000 
Model assumptions as in the central case with the following exceptions: 
Transmissivity model: correlated 
Hydrogeological zone transmissivity: stochastic 

ps_r0_b_2000 

To examine the impact of alternative 
assumptions regarding fracture intensity 
and size 
 

Model assumptions as in the central case with the following exceptions: 
Fracture size model: case B  
Hydrogeological zone transmissivity: stochastic  

ps_r2_b_2000 Model assumptions as in the central case with the following exceptions: 
Fracture size model: case B  

ps_r0_c_2000 Model assumptions as in the central case with the following exceptions: 
Fracture size model: case C  

ps_r2_c_2000 Model assumptions as in the central case with the following exceptions: 
Fracture size model: case C  
Hydrogeological zone transmissivity: stochastic  
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Flow modelling case Aims and comments Key assumptions 

ps_r0_ext_hz_2000 
To examine the impact of additional 
stochastic hydrogeological zones outside 
the well characterised area 

Model assumptions as in the central case with the following exceptions: 
Stochastic presentation of the hydrogeological zones outside the well 
characterised area 

ps_r0_ecpm_cont_edz_2000 

To examine the impact of using an 
equivalent continuous porous medium 
(EPM) representation of bedrock, in 
conjunction with uncertainties related to 
the EDZ 

Model assumptions as in the central case with the following exceptions: 
Conceptual model: EPM 
EDZ below the tunnel floor: continuous 

ps_r0_ecpm_no_edz_2000 EPM representation of bedrock 

 
Model assumptions as in the central case with the following exceptions: 
Conceptual model: EPM 
EDZ below the tunnel floor: no 

ps_r0_cont_edz_2000 

To evaluate the impact of uncertainties 
regarding the EDZ and the damaged 
zone around the deposition holes. Note: 
ps_r0_no_spall_2000 used to derive 
flow-related radionuclide transport 
parameter values for calculation cases 
where no hydraulically significant rock 
damage is modelled around the 
deposition holes (Sections 9.6.4 and 
10.2) 

Model assumptions as in the central case with the following exceptions: 
EDZ below the tunnel floor: continuous 

ps_r0_no_edz_2000 

To evaluate the impact of uncertainties 
regarding the EDZ and the damaged 
zone around the deposition holes. 

Model assumptions as in the central case with the following exceptions: 
EDZ below the tunnel floor: no EDZ 

ps_r0_no_spall_2000 
Model assumptions as in the central case with the following exceptions: 
Rock damage around deposition hole: no 

ps_r0_condx10_2000 
Model assumptions as in the central case with the following exceptions: 
EDZ below the tunnel floor and in damaged rock zone around deposition holes: 
conductivity 10 times higher 

ps_r0_crown_2000 To evaluate the impact of uncertainties 
regarding the hydraulic properties of the 
tunnels, ramps and shafts 
 

Model assumptions as in the central case with the following exceptions: 
High conductivity layer at the top of all tunnels: 10-3 m/s and 0.1 m thick 

ps_r0_tunnel_condx10_2000 
Model assumptions as in the central case with the following exceptions:  
all tunnels and shafts 10 times higher conductivity 
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Flow modelling case Aims and comments Key assumptions 

ps_r0_nondep_tunnel_condx10_2000 
Model assumptions as in the central case with the following exceptions:  
main tunnels, ramps and shafts: 100 times higher conductivity 

ps_r0_tunnel_condx10_2000 
Model assumptions as in the central case with the following exceptions:  
all tunnels and shafts 10 times higher conductivity 

ps_r0_nondep_tunnel_condx10_2000 
Model assumptions as in the central case with the following exceptions:  
main tunnels, ramps and shafts: 100 times higher conductivity 

ps_r0_ext_hz_2000 
To evaluate the impact of unsealed 
investigation drillholes 

Model assumptions as in the central case with the following exceptions: 
Site-investigation boreholes included with conductivity 0.1 m/s. 
Flow field: as in the central case, but assuming fresh water density in the 
drillholes. 

ps_r0_3000 
To investigate the evolution of the flow 
field with time. Note: ps_r0_5000 used to 
derive flow-related radionuclide transport 
parameter values for most calculation 
cases (see Section 6.2) 

Model assumptions as in the central case with the following exceptions: 
flow field: year 3000 AD 

ps_r0_5000 
Model assumptions as in the central case with the following exceptions: 
flow field: year 5000 AD 

ps_r0_climate_immobile3_100 

To evaluate the impact of glacial retreat 
on flow conditions 

An immobile ice margin northwest of the repository, the repository is no longer 
under the ice sheet. Ice margin has stayed in the same location for 100 years. 
Flow field: according to glacial model by Löfman & Karvonen (2012) 

ps_r0_climate_mobile_10 Ice sheet is retreating over the site, ice margin southeast of the repository; the 
repository is still under the ice sheet.  
Flow field: according to glacial model by Löfman & Karvonen (2012) 

ps_r0_climate_mobile_100 Ice sheet is retreating over the site, ice margin northwest of the site and the 
repository is no longer below the ice sheet. 
Flow field: according to glacial model by Löfman & Karvonen (2012) 
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Case A is assumed in the central case and in most other cases. Flow modelling cases 
ps_r0_b_2000 and ps_r0_c_2000 are examples of where cases B and C, respectively, 
are assumed. Case C gives rise to channelling within fractures, as discussed further in 
Section 4.2.5. 

The degree of correlation between fracture transmissivity and size is also uncertain. 
Here again, three different conceptual approaches have been used, with fracture 
transmissivity correlated, semi-correlated10or uncorrelated with fracture size (see Table 
2-2 of Hartley et al. 2012a). The semi-correlated approach is used in the central case. 
ps_r0_a_corr_2000 and ps_r0_a_uncorr_2000 are, respectively, examples of cases 
where the correlated and uncorrelated approaches are used.  

Excavation of the repository openings and the thermal effects of the spent nuclear fuel 
may lead to damage to the immediately adjacent rock (see Section 5.3 of Performance 
Assessment report). It is assumed in the central case flow model that the rock 
surrounding all deposition holes is damaged, and that this damage is hydraulically 
significant. There is also an excavation-damaged zone (EDZ) below the emplacement 
tunnels. The treatment of the deposition tunnel, deposition holes and their associated 
damaged zones in the central case is shown in Figure 4-3 (see Section 4.3.1 of Hartley 
et al. (2012a) for further details). 

The deposition tunnels are modelled with rectangular cross sections (the green feature in 
Figure 4-3). Their EDZs are included in the model structures situated below the tunnels, 
which, in the central case, are assumed to be discontinuous (broken into discrete 
sections with gaps in between). Each section of an EDZ structure is represented by two 
fractures. One of these fractures is horizontal parallel to the floor of the tunnel. This 
fracture may, in some cases, intersect a deposition hole (see the purple features in 
Figure 4-3). The other is vertical, and serves to connect the horizontal fracture to the 
tunnel backfill hydraulically. This is necessary since, in the model, fractures can only 
conduct flow in their planes. Cases ps_r0_cont_edz_2000 and ps_r0_no_edz_2000 
consider the alternatives of, respectively, a continuous EDZ and no (hydraulically 
significant) EDZ. The possibility of voids in the crown space of the tunnel is treated by 
assigning increased hydraulic conductivity a layer at the top of the tunnel in case 
ps_r0_crown_2000. 

                                                 

10 Log-normal distribution about a power-law correlated mean; see Table 2-2 of Hartley et al. (2012a). 
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Figure 4-3. DFN modelling of the deposition tunnel and holes. The features shown are 
the deposition tunnel (green), discontinuous EDZ fractures below the deposition tunnel 
(purple), the deposition holes (yellow) and the eight fractures per hole representing 
rock damage around the holes. Four are parallel to the faces of the deposition hole 
(blue) and four cross fractures connect these to the deposition hole (red). After Fig. 
4-18 of Hartley et al. (2012a). 

 
The treatment of the damaged zones around the deposition holes is based in part on 
concepts presented in Neretnieks et al. (2010). However, it also takes into account 
observations from Posiva’s Olkiluoto Spalling Experiment (POSE), indicating that rock 
damage is dispersed along the walls of the deposition holes, and does not occur as 
triangular notches, as assumed in Neretnieks et al. (2010). The deposition holes are 
represented as rectangular, vertical block elements (the yellow features in Figure 4-3). 
The damaged zones around the holes are each represented by four interconnected 
fractures with their faces parallel to the hole surfaces (shown in blue in Figure 4-3), and 
four orthogonal fractures that connect these to the buffer in the hole itself (shown in 
red).Although early rock damage around the deposition holes is judged to be likely and 
is thus included in the central case, its hydraulic properties are uncertain, and may 
evolve over time as, for example, buffer swelling pressure develops and some buffer is 
potentially extruded into damaged zone fractures. Thus, as an alternative assumption, 
case ps_r0_no_spall_2000 is considered in which there is no hydraulically significant 
rock damage around the holes.  

In central case, the transmissivity of EDZ is 10-8 m2/s and the transmissivity of the 
fractures representing the damaged zones around the deposition holes is set to about a 
quarter of this value, such that the EDZ and damaged zones have the same hydraulic 
conductivity. These transmissivities are significantly higher than the transmissivities of 
most of the conductive natural fractures. Less than 10 % of the conductive fractures 
have transmissivities greater than 10-8 m2 s-1 and the majority have values below 
10-9 m2/s. Sensitivity of flow and radionuclide transport to the conductivity assigned to 
the EDZ and deposition hole damaged zones is examined in Sections 9.6.4 and 9.6.5.   
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4.2 Characterisation of groundwater flows and transport paths 

4.2.1 Particle tracking and discharge locations 

As described in Chapter 3, there are three potential transport paths from a failed canister 
to the geosphere, which may then continue through the geosphere fracture network to 
the surface environment: 

 the F-path leads from the canister, through the buffer and the deposition hole 
damaged zone to a host-rock fracture intersecting a deposition hole; 

 the DZ-path leads from the canister to the deposition tunnel EDZ, either directly 
through the buffer or via the deposition hole damaged zone, and thence to a host-
rock fracture intersecting the EDZ; and 

 the TDZ-path leads from the canister, through the buffer to the deposition tunnel 
backfill, and thence to a host-rock fracture intersecting the deposition tunnel.  

A particle-tracking approach is used to characterise these potential radionuclide 
transport pathways (Figure 4-4). For the F- path, particles are released to the natural 
fracture with the highest flow rate per unit width of those fractures intersecting the walls 
or base of the deposition hole. If in the DFN model more than one fracture intersects a 
deposition hole, the fracture with the highest flow rate per unit width is taken as the start 
of the F-path. For the DZ-path, particles are released to the fractures representing the 
EDZ. For TDZ-path, particles are released at a fixed position in the porous medium 
representing the tunnel backfill one metre above the top of the deposition hole, and 
details are recorded of the first natural fracture that a particle enters downstream.  

The particles are tracked until they reach a boundary of the site-scale DFN model, 
which is typically, though not always, the upper boundary, representing the interface 
with the surface environment. This allows the calculation of exit locations to the surface 
environment, as well as performance measures (flow-related repository system 
parameter values) for each pathway from the deposition holes to the surface. The 
performance measures comprise, for the near field, the equivalent flowrates QF, QDZ and 
QTDF, the water flux along the deposition tunnel, qTDZ and other flow-related parameters 
for the deposition holes from which the particles are released. Geosphere transport 
resistances (WL/Q values) are also calculated for each of the four types of water-
conducting feature (transport classes) through which the paths pass (see Section 3.4). 
Uncertainties and variabilities in each of these quantities are also evaluated. 

Figure 4-5 illustrates discharge locations for the F-paths in the groundwater flow 
modelling central case simulation at 2000 AD. The distribution of discharge locations is 
very similar for the DZ- and TDZ-paths (see Figure 6-1 of Hartley et al. 2012a). The 
discharge locations are concentrated around the coastlines to the north and south of 
Olkiluoto Island. The influences of brittle fault zone BFZ214 to the north and lineament 
LIN3 to the south-east are apparent with increased concentrations of discharge locations 
where these features intersect the bedrock surface. The only terrestrial discharge 
locations on the island are associated with hydrogeological zone HZ146. 
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Figure 4-4. Repository system conceptual model (upper figure); role of groundwater 
flow modelling in providing flow-related transport parameters (lower figure). 
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Figure 4-5. Discharge locations for the F-paths in the groundwater flow modelling 
central case simulation at 2000 AD. A cross-section of the hydrogeological zones at 10 
metres depth is shown in purple (after Figure 6-1 of Hartley et al. 2012a). 

 
In this and in most other simulations, a single particle is tracked from each near-field 
release point (i.e. 3 paths for each deposition hole). Because of the variability in rock 
properties around the deposition holes and also the small number of paths tracked from 
each hole, care must be taken to choose a location for the failed canister in the 
Reference Case that is reasonably cautious (i.e. where near-field flows are relatively 
high and the geosphere transport resistance of the particle tracks that have been 
modelled are relatively low). The choice of the Reference-Case canister location is 
described in Section 6.2. 

Given the large number of deposition holes (more than 5000 potential deposition hole 
locations considered), the ensemble of paths gives a good representation of the effects 
of host rock heterogeneity on the site scale, see Section 6.7 of Hartley et al. (2012a). 
However, to explore the effects of variability between transport paths originating from a 
single deposition hole, ConnectFlow has also been used to track multiple particles 
released from each near-field release point, with each particle following different routes 
through the fracture network. The consequences for radionuclide retention and transport 
(route dispersion in the geosphere) are analysed in Section 9.8.3. 

4.2.2 Equivalent near-field flow rates 

In the groundwater flow modelling central case, deposition holes are assumed to be 
surrounded by damaged zones, with a hydraulic conductivity that is elevated with 
respect to the bulk rock. The possibility of no such damaged zones is investigated in an 
alternative case, ps_r0_no_spall_2000. The assumption of no damaged zone affects the 

BFZ214 

LIN3 

HZ146 
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calculation of near-field flow-related parameter values, since the concept of a mixing 
zone, as depicted in Figure 3-6, is no longer applicable. The derivation of near-field 
parameters is therefore described separately for the central case and for the case of no 
rock damage around the holes. 

The central case 

In the flow modelling central case, the equivalent near-field flow rate QF is defined as 
the total water flow leaving the damaged zone around the deposition hole. The features 
considered in calculating QF for a single deposition hole are shown in Figure 4-6. 

The figure shows how larger fractures are divided into sub-fractures, each with its own 
flow-related properties, to improve the resolution of the model. The outwardly directed 
flows in all natural fractures (and sub-fractures) that cut the damaged zone and are 
connected to at least one other transmissive element (natural fracture, EDZ fracture or 
tunnel) are summed to evaluate QF. These flows are indicated by dark blue arrows in the 
figure. 

 

 

 

Figure 4-6. Example of two fractures intersecting the damaged zone around a 
deposition hole. The fractures that they in turn intersect are also shown. The upper 
fracture is divided into four sub-fractures. The arrows show the flow routings between 
pairs of fracture intersections. Those coloured dark blue are summed in the calculation 
of QF. After Fig. 3-6 of Hartley et al. (2012a). 

 

Sub-fractures  

δl

Fractures 
intersecting the 
damaged zone 
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A related parameter, UF, is also calculated, which is flow per unit width summed over 
all fractures intersecting the damaged zone11. This parameter is used to derive QF in 
scenarios and calculation cases where the buffer becomes significantly eroded, such that 
advective conditions arise between the canister and the rock (see Sections 10.2 and 
11.3). 

For the deposition tunnel EDZ, the quantities QDZ and UDZ are calculated in a similar 
manner to QF and UF, above, except the sums are taken over the fractures representing 
the EDZ. 

For the deposition tunnel itself, the flux of water within the backfill, qTDZ, is calculated, 
along with an equivalent flow rate QTDF that describes transfer of radionuclides from the 
tunnel to a fracture intersecting the tunnel downstream of the deposition hole. The 
fracture considered is the first natural fracture that is entered by the particle used in 
DFN modelling to track the TDZ-path. The mass transfer from the water flowing along 
the deposition tunnel to the flowing groundwater in a fracture intersecting the tunnel is 
assumed to be limited by the boundary layer (film) resistance (Neretnieks 1982; 
Hillebrand 1985; Nilsson et al. 1991). Using this concept, QTDF in the central case is 
calculated using: 

4
2

 

; (4.2-1)

where: 

Dw is the diffusivity of ions in water in the fracture, which is set to 10-9 m2/s; 

L is the half-circumference of the tunnel, (A), based on a tunnel area A of 
12.6 m2 for LO1 and LO2 tunnels and 14 m2 for OL1 to OL4 tunnels; 

UTDF is the flow rate per unit width of the fracture [m2/s] ; and 

b is the fracture transport aperture [m]. 

The fracture transport aperture used when applying Eq. 4.2-1 in the central case is set to 
a value that is a factor of 10 larger than the hydraulic fracture aperture. The background 
to this assumption is described in Section 9.6.7, where the effects on radionuclide 
release and transport of an increased fracture transport aperture, a factor of 40 larger 
than the hydraulic fracture aperture, are also described. 

 

                                                 

11 If the flow around a deposition hole is considered to be carried predominantly in one fracture, a 
cautious (high) approximation to the transport velocity in that fracture is UF/(2b), where 2b is the fracture 
transport aperture. This approximation is used, for example, in the evaluation of buffer erosion in the VS2 
scenario (see Section 10.3, Equation 10.3-4). 

 



96 

 

Eq. 4.2-1 is based on the assumption that water in the fracture flows smoothly around 
the perimeter of the tunnel. It does not account for the effects of the tunnel EDZ and 
other physical or chemical perturbations to the buffer-rock interface, which might affect 
the boundary layer resistance. It also does not account for the part of the fracture flow 
that passes through, rather than around, the tunnel. These are considered in the 
complementary calculation case described in Section 9.6.8. 

The case of no rock damage around the deposition holes 

In the flow modelling case ps_r0_no_spall_2000, there are assumed to be no damaged 
zones of hydrogeological significance around the deposition holes (apart from the EDZ 
at the base of the deposition tunnel). Radionuclide transfer between the buffer and the 
flowing groundwater in the fractures intersecting the deposition hole takes place by 
diffusion, with transfer limited by the boundary layer (film) resistance. QF is then 
calculated using: 

4
 ; (4.2-2)

where, cautiously, the sum includes all natural rock fractures that intersect the 
deposition hole. The parameter m is calculated using: 

2  . (4.2-3)

Here, the sum includes all sub-fractures that make up the fracture m. 

Lf is the length of the sub-fracture intersection with the deposition hole [m]; 

2  is the transport aperture of the sub-fracture [m], set to a value that is a factor 
of 10 larger than the hydraulic aperture (Section 9.6.7); and 

uf is the flow per unit width in the sub-fracture [m2/s]. 

 
The parameter UF in this case is the calculated flow per unit width summed over all 
fractures intersecting the deposition hole. 

For the deposition tunnel EDZ, the quantities QDZ and UDZ are calculated in a similar 
manner to the above, except that the sums are taken over the fractures representing the 
EDZ rather than the natural fractures. For the deposition tunnel itself, the flux of water 
within the backfill, qTDZ, and the equivalent flow rate, QTDF, that describes transfer of 
radionuclides from the tunnel to a fracture intersecting the tunnel downstream of the 
deposition hole are calculated in the same manner as in the central case. 

4.2.3 Geosphere transport resistances 

The geosphere transport resistance parameter, WL/Q, is a characteristic of each transport 
path, and may vary significantly between paths. Geosphere transport resistances are thus 
calculated individually for each F-path, DZ-path and TDZ-path. Furthermore, the WL/Q 
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values are subdivided according to the four rock transport classes described in Section 
3.4.1, i.e. calcite coated, clay coated, slickensided and other fractures. The overall flow-
related transport resistance for a pathway is calculated by summing over each fracture 
along the pathway the product the flow-related transport resistance and a coefficient, 
which is the probability that a particular fracture belongs to a particular transport class. 
From a conceptual point of view, the coefficients could equally be viewed as the likely 
fraction of area within a fracture that belongs to a particular transport class. Either way, 
the total flow-related transport resistance is distributed between the four transport 
classes according to the following: 

,  ; (4.2-4)

where r denotes transport class calcite, clay, slickenside or other, and: 

lf step length along a path of f steps, each between a pair of fracture 
intersections [m],  

Qf  volumetric flow rate between a pair of fracture intersections [m3/s], 

wf flow width between the pair of intersections [m], and 

cf,r is the coefficient described above. 

The coefficients can be determined for individual fractures based on Table 4-11 of 
Hartley et al. (2012b). 

4.2.4 Application of Rock Suitability Classification (RSC) criteria based on 
initial inflow 

Particle paths are tracked from each deposition-hole location included in the 
groundwater flow model. The present layout provides for 20 % more deposition-hole 
locations than would be needed to accommodate the nominal 4500 of disposal canisters 
to be emplaced in the repository (see Table 6-3). These locations are each assigned a 
number, ranging from 1 to 539112. The extra capacity of the present layout allows for 
the rejection some potential locations during the process of final disposal on the grounds 
of unsuitable rock properties, as defined by the Rock Suitability Classification (RSC) 
criteria (McEwen et al. 2012). 

In this work, the main classification under consideration is based on an inflow criterion, 
whereby inflow to an open deposition hole should not exceed 0.1 litres per minute. To 
estimate the number of potential deposition holes satisfying this criterion, and to allow 
the impact of the RSC criterion on repository performance to be assessed, ConnectFlow 
simulations have been carried out for open repository conditions. These are in addition 

                                                 

12 In the layout, there is theoretically space available for 1.2 × 4500 = 5400 canisters. A few of these 
positions have been discarded for the groundwater flow analysis, because of slight adjustments to the 
repository depth and to avoid intersection with known deformation zones. As a result, there are 5391 
potential deposition holes assumed in the groundwater flow modelling. 
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to the simulations for post closure conditions, used to calculate the various flow-related 
transport parameter values.  

During final disposal, inflows will be measured first in a pilot hole and then, if the 
decision is taken to excavate the full-diameter deposition hole, in the hole itself. If the 
deposition hole is then found not to satisfy the inflow RSC criterion, the hole, will be 
rejected and backfilled.    

4.2.5 Evaluation of channelling 

As noted in Section 3.4.1, it is generally considered that channelling (i.e. preferential 
flow through openings or channels) occurs at some scale length within water-
conducting features, as a result, e.g. of variations in aperture and hence transmissivity. 
Section 4.1.2 describes three model variants that have been investigated to evaluate the 
impact of uncertainty in the intensity and size distribution of potential flowing fractures. 
One particular form of channelling is inherent in variant model Case C, where fractures 
are generated according to the intensity of all fractures, but a significant proportion of 
the fracture surface area is modelled as being non-transmissive. Other model 
representations of channelling in fractures are described in Section 7.2.4 of Hartley et al. 
(2012a), and summarised below.  

Three concepts for how variability in transmissivity is distributed between fractures, 
within fractures, or shared between and within fractures are considered. For each 
concept, two fracture size-transmissivity relationships have been tested. Hence, a total 
of six model cases have been considered, all based on the Case A intensity-size 
relationship. Ensemble statistics have been compared for the flow rate per unit width 
through fractures and for the transport resistance WL/Q for all six model cases based on 
particle release and transport through a generic rock block, with side lengths of 200 m. 
Distributions of transport resistance and flow rate per unit width are found to be similar 
for each of the model cases. It is concluded in Hartley et al. (2012a) that calibration of 
groundwater flow models against flow-related data from the site provides a strong 
constraint on subsequent simulations of important flow-related transport parameters. 
Thus, as illustrated further by the results presented in Section 4.4, statistical 
distributions of flow-related transport parameter values are rather insensitive to 
modelling assumptions that are hard to substantiate by measurement, such as the 
distribution of transmissivity within and between fractures (and hence the degree of 
channelling), as well as the relationship between fracture size and transmissivity. 

4.3 Interface with radionuclide release and transport modelling 

Flow-related parameter values for both GoldSim and MARFA are based on the results 
of groundwater flow modelling, which is carried out using the code ConnectFlow.  

The interfacing between ConnectFlow and MARFA is implemented through a single 
verbose pathline (PTV) file that is directly input to MARFA (see Appendix A, Section 
A.2.2). This file contains all flow- and transport-related properties of the routing of 
pathways through each natural fracture, EDZ, damaged zone, deposition hole, shaft and 
ramp between each near-field release point and exit points at the top surface of the 
groundwater flow model. 
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Depending on the calculation case under consideration, flow-related parameter values 
for GoldSim are either:  

 read directly from ConnectFlow results files (this is always the case in the Monte 
Carlo simulations described in Chapter 9); or 

 entered manually in the input files, using expert judgement to assign the values, 
(see, e.g., the treatment of geosphere transport in the rock-shear scenarios RS and 
RS-DIL in Chapter 11). 

Tables of relevant flow modelling results have been developed to facilitate data transfer 
from ConnectFlow to the near-field release and transport model and geosphere transport 
model implemented in GoldSim. A part of such a table, with results for the groundwater 
flow modelling case ps_r0_5000, is presented in Table 4-2. Reference Case 
radionuclide transport parameters are those for deposition hole position 381 in this flow 
modelling case, as explained in Section 6.2. In the Monte Carlo simulations described in 
Chapter 9, GoldSim samples randomly, for each deposition hole, a set of flow-related 
parameters for the three pathways (F, DZ and TDZ) from tables of this type. In most 
deterministic calculations, flow-related parameter values for one or more specific failed-
canister locations are read from these tables, again for a specific DFN realisation. 
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Table 4-2. Table of selected flow modelling results for flow modelling case ps_r0_5000. Tables of this type are used to facilitate data 
transfer from groundwater flow modelling to near-field release and transport modelling. The full table comprises 16,173 paths, i.e. 3 
radionuclide transport paths for each of 5391 potential deposition-hole locations. Results for deposition hole 381, which is the reference 
canister location identified in Section 6.2, are highlighted in green. 

 

Particle 

Number

Realisation 

Number

Deposition Hole 

Number

Pathway 

Type

Near‐field 

QF

Near‐field 

QDZ

Near‐field 

QTDF

Near‐field 

UF

Near‐field 

UDZ

Near‐field 

UTDF

Near‐field 

qTDZ

Number of 

fractures FPC

Tunnel Path 

length

Transport 

Aperture F calcite F clay F other F slickenside

Travel 

time RSC inflow

 Geosphere 

path length

1138 0 380 F 6.65E‐03 0.00E+00 0 1.10E‐02 0.00E+00 0.00E+00 0 4 1 0 3.25E‐04 1.17E+04 1.01E+04 8.20E+03 1.49E+04 1.25E+01 1.20E‐01 1.88E+03

1139 0 380 DZ 0.00E+00 2.03E‐03 0 0.00E+00 3.25E‐03 0.00E+00 0 0 0 0 3.25E‐04 2.53E+04 2.08E+04 1.54E+04 2.35E+04 2.51E+01 0.00E+00 2.38E+03

1140 0 380 TDZ 0.00E+00 0.00E+00 2.79E‐03 0.00E+00 0.00E+00 2.01E‐02 1.31E‐04 0 0 1.13E+01 3.25E‐04 1.99E+05 1.07E+05 1.39E+05 1.99E+05 6.22E+01 0.00E+00 2.04E+03

1141 0 381 F 6.14E‐03 0.00E+00 0 1.03E‐02 0.00E+00 0.00E+00 0 2 0 0 3.25E‐04 1.48E+04 2.19E+04 1.08E+04 3.16E+04 1.81E+01 4.89E‐02 1.96E+03

1142 0 381 DZ 0.00E+00 2.69E‐04 0 0.00E+00 1.58E‐03 0.00E+00 0 0 0 0 3.25E‐04 2.46E+04 1.95E+04 1.72E+04 3.16E+04 1.48E+01 0.00E+00 1.90E+03

1143 0 381 TDZ 0.00E+00 0.00E+00 2.39E‐03 0.00E+00 0.00E+00 1.48E‐02 2.65E‐05 0 0 5.84E+00 3.25E‐04 2.02E+04 1.66E+04 1.34E+04 2.50E+04 1.74E+01 0.00E+00 2.00E+03

1144 0 382 F 5.25E‐03 0.00E+00 0 8.82E‐03 0.00E+00 0.00E+00 0 5 0 0 3.25E‐04 1.36E+04 1.18E+04 9.76E+03 1.92E+04 1.33E+01 3.53E‐02 1.99E+03

1145 0 382 DZ 0.00E+00 2.24E‐03 0 0.00E+00 1.46E‐03 0.00E+00 0 0 0 0 3.25E‐04 9.66E+03 8.94E+03 7.02E+03 1.50E+04 8.90E+00 0.00E+00 2.00E+03

1146 0 382 TDZ 0.00E+00 0.00E+00 2.39E‐03 0.00E+00 0.00E+00 1.48E‐02 1.68E‐05 0 0 1.07E+01 3.25E‐04 9.71E+03 8.56E+03 6.98E+03 1.45E+04 7.89E+00 0.00E+00 2.01E+03

1147 0 383 F 3.35E‐03 0.00E+00 0 1.13E‐02 0.00E+00 0.00E+00 0 3 0 0 3.25E‐04 1.11E+05 7.18E+04 6.37E+04 6.48E+04 5.97E+01 2.24E‐02 2.17E+03

1148 0 383 DZ 0.00E+00 2.35E‐03 0 0.00E+00 2.11E‐03 0.00E+00 0 0 0 0 3.25E‐04 2.41E+04 1.64E+04 1.49E+04 2.42E+04 1.34E+01 0.00E+00 2.01E+03

1149 0 383 TDZ 0.00E+00 0.00E+00 1.62E‐03 0.00E+00 0.00E+00 6.81E‐03 2.25E‐05 0 0 1.09E+01 3.25E‐04 1.23E+05 6.76E+04 8.03E+04 9.29E+04 5.11E+01 0.00E+00 2.30E+03

1150 0 384 F 2.65E‐03 0.00E+00 0 1.18E‐02 0.00E+00 0.00E+00 0 2 1 0 3.25E‐04 1.17E+04 1.07E+04 8.56E+03 1.83E+04 1.08E+01 1.90E‐02 2.01E+03

1151 0 384 DZ 0.00E+00 1.89E‐03 0 0.00E+00 2.60E‐03 0.00E+00 0 0 0 0 3.25E‐04 1.03E+04 8.94E+03 7.44E+03 1.52E+04 9.42E+00 0.00E+00 2.00E+03

1152 0 384 TDZ 0.00E+00 0.00E+00 2.99E‐03 0.00E+00 0.00E+00 2.31E‐02 1.59E‐04 0 0 4.27E+00 3.25E‐04 1.05E+04 8.95E+03 7.55E+03 1.52E+04 9.68E+00 0.00E+00 2.04E+03

1153 0 385 F 2.21E‐03 0.00E+00 0 1.44E‐02 0.00E+00 0.00E+00 0 4 0 0 3.25E‐04 7.38E+04 4.77E+04 5.13E+04 8.32E+04 2.55E+01 1.31E‐02 2.02E+03

1154 0 385 DZ 0.00E+00 1.69E‐03 0 0.00E+00 1.59E‐03 0.00E+00 0 0 0 0 3.25E‐04 1.28E+05 8.61E+04 9.49E+04 1.74E+05 3.70E+01 0.00E+00 2.07E+03

1155 0 385 TDZ 0.00E+00 0.00E+00 2.94E‐03 0.00E+00 0.00E+00 2.23E‐02 1.17E‐04 0 0 9.21E+00 3.25E‐04 2.14E+04 1.33E+04 1.31E+04 2.00E+04 1.30E+01 0.00E+00 1.80E+03

1156 0 386 F 4.12E‐03 0.00E+00 0 1.45E‐02 0.00E+00 0.00E+00 0 5 0 0 3.25E‐04 1.92E+05 9.33E+04 1.22E+05 1.45E+05 6.93E+01 1.52E‐02 2.36E+03

1157 0 386 DZ 0.00E+00 2.09E‐03 0 0.00E+00 2.23E‐03 0.00E+00 0 0 0 0 3.25E‐04 8.94E+04 6.88E+04 5.80E+04 9.61E+04 5.32E+01 0.00E+00 2.11E+03

1158 0 386 TDZ 0.00E+00 0.00E+00 2.88E‐03 0.00E+00 0.00E+00 2.14E‐02 6.49E‐05 0 0 3.30E+00 3.25E‐04 1.92E+04 1.41E+04 1.30E+04 2.35E+04 1.51E+01 0.00E+00 2.27E+03

1159 0 387 F 6.18E‐03 0.00E+00 0 1.31E‐02 0.00E+00 0.00E+00 0 2 0 0 3.25E‐04 1.08E+04 9.44E+03 7.94E+03 1.66E+04 9.32E+00 1.04E‐02 1.64E+03

1160 0 387 DZ 0.00E+00 3.08E‐03 0 0.00E+00 3.65E‐03 0.00E+00 0 0 0 0 4.99E‐05 1.63E+05 9.38E+04 1.17E+05 1.91E+05 3.77E+01 0.00E+00 1.79E+03

1161 0 387 TDZ 0.00E+00 0.00E+00 2.60E‐03 0.00E+00 0.00E+00 1.75E‐02 5.09E‐05 0 0 2.71E+00 3.25E‐04 1.14E+04 1.14E+04 8.22E+03 1.78E+04 1.14E+01 0.00E+00 2.09E+03
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The columns of the table provide the following information: 

Particle number:  Identification number for the particle tracks generated by 
ConnectFlow. 

Realisation number:  DFN realisation. 

Dep. hole number: Each deposition hole is assigned a number, ranging from 1 to 
5391. 

Pathway type:  F: particle exits deposition hole via an intersecting fracture; DZ: 
particle exits deposition hole and enters deposition tunnel EDZ; 
TDZ: particle exits deposition hole and enters deposition tunnel 
backfill and finally passes to a fracture intersecting the tunnel. 

Near-field QF: Equivalent flow rate [m3/a] for the F-path, as described in Section 
4.2.2 for the central case and Section 4.2.3 for the case of no 
damage zone around the deposition holes. 

Near-field QDZ: Equivalent flow rate [m3/a] for the DZ-path, as described in 
Section 4.2.2 for the central case and Section 4.2.3 for the case of 
no damage zone around the deposition holes. 

Near-field QTDF: Equivalent flow rate through fracture intersecting the deposition 
tunnel [m3/a] for the TDZ-path, as described in Section 4.2.2. 

Near-field UF: Flow rate per unit fracture width [m2/a] for the F-path, as 
described in Section 4.2.2 for the central case and Section 4.2.3 
for the case of no damage zone around the deposition holes. 

Near-field UDZ: Flow rate per unit fracture width [m2/a] for the DZ-path, as 
described in Section 4.2.2 for the central case and Section 4.2.3 
for the case of no damage zone around the deposition holes. 

Near-field UTDF: Flow rate per unit fracture width through fracture intersecting the 
deposition tunnel [m2/a] for the TDZ-path, as described in Section 
4.2.2.  

Near-field qTDZ: Flux of water through deposition tunnel [m/a] for the TDZ-path, 
as described in Section 4.2.2. 

Number of fractures: Number of connected natural fractures intersecting the walls or 
base of a deposition hole. 

FPC: Flag indicating whether or not the deposition hole would be 
excluded due to intersection with a large deformation zone. 0 or 
1: not excluded; 2: excluded due to presence of large deformation 
zone (the distinction between 0 and 1 relates to an earlier 
implementation of the RSC that is no longer used and as the 



102 

 

models consider only hydraulically active fractures or parts of 
them). 

Tunnel path length: Horizontal distance [m] along tunnel from deposition hole to 
natural fracture where TDZ-path leaves the tunnel. 

Transport aperture: Transport aperture [m] of first natural fracture of the F-path or 
TDZ-path, assumed equal to 10 × the hydraulic aperture (set 
equal to the aperture of the fractures representing the TDZ in the 
case of the DZ-path). 

F calcite: 2 × the transport resistance WL/Q [a/m] for fractures of the 
transport class calcite (and possibly clay and sulphide) coated 
fractures, see Section 3.4.3.  

F clay: 2 × the transport resistance WL/Q [a/m] for fractures of the 
transport class clay (and possibly sulphide) coated fractures, see 
Section 3.4.3. 

F other: 2 × the transport resistance WL/Q [a/m] for fractures of the 
transport class other fractures, see Section 3.4.3. 

F slickenside: 2 × the transport resistance WL/Q [a/m] for fractures of the 
transport class slickensided fractures, see Section 3.4.3. 

Travel time: Advective travel time in the rock [a]. 

RSC inflow: Inflow [litres/min] to the deposition hole from natural fractures 
and from the tunnel EDZ, calculated for open repository 
conditions, see Section 4.2.4. 

Geo. path length: Total length [m] of a transport path (excluding sections in the 
repository near field). 

4.4 Derived parameter values 

Figures 4-7 to 4-11 illustrate the variation of some of the main flow-related transport 
parameter values between individual groundwater flow modelling calculations 
(excluding cases specifically examining the impact of glacial conditions and cases using 
only an EPM representation of bedrock, for which these flow-related parameters have 
not been calculated). If, as in the majority of radionuclide transport calculations, the 
damaged zone around a deposition hole is treated as being perfectly well mixed 
(spatially constant concentration; see Figure 3-6) a key flow-related parameter affecting 
near-field release is QF + QDZ, which represents the total flow into and out of the 
damaged zone. The variation of this parameter between DFN calculations is shown in 
Figure 4-8. If no damage around the deposition hole is assumed, then the values of QF 
and QDZ need to be considered separately. The variation of QF between DFN 
calculations is shown in Figure 4-7. Other parameters illustrated in Figures 4-9, 4-10 
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and 4-11 are UF, fracture transport aperture (2b), and WL/Q for the geosphere part of the 
F-path.  

In generating the various statistical quantities shown in the figures, all deposition holes 
are considered that (i) have non-zero but finite values of the parameter under 
consideration, (ii) are not excluded due to presence of large deformation zones and (iii) 
satisfy the criterion that the inflow during open repository conditions is less than 0.1 
litres per minute. This third criterion in any case excludes some of the deposition holes 
intersected by larger hydrogeological zones. Note that QF is non-zero only if there is at 
least one natural fracture intersecting a deposition hole, and WL/Q is not calculated (and 
set to zero) if the particle tracing the path enters a region of nearly stagnant flow and 
thus remains within the repository system and fails to reach an exit location at the 
interface with the surface environment.  

 

Figure 4-7. Variation of the parameter QF between DFN calculations.  
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Figure 4-8. Variation of the parameter QF + QDZ between DFN calculations.  

 

Figure 4-9. Variation of the parameter UF between DFN calculations.  
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Figure 4-10. Variation of the transport aperture (2b) between DFN calculations of the 
first fracture of the F-path.  

 

Figure 4-11. Variation of the parameter WL/Q (summed over retention types) between 
DFN calculations for the F-path.  
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In general, the geometric means, medians and 10th and 90th percentiles of the flow-
related transport parameters show little variability between the different DFN runs. This 
shows that the statistical distributions of flow-related transport parameter values do not 
vary greatly between DFN realisations. Furthermore, where different modelling 
assumptions are employed, it indicates that the distributions are rather insensitive to 
these assumptions, some of which, as noted earlier, are hard to substantiate by 
measurement, such as the assumed relationship between fracture size and transmissivity. 
There are, however, some notable exceptions: 

 In Figure 4-7, the values of the equivalent flow rate parameter QF are significantly 
reduced in DFN run ps_r0_no_spall_2000 compared with other runs. In 
ps_r0_no_spall_2000, there is assumed to be no hydraulically significant rock 
damage around the deposition holes. The reduction in the equivalent flow rate arises 
reflects the reduction in mass transfer between the deposition hole and the 
intersecting fractures if there is no hydraulically significant rock damage (see 
Sections 4.2.2 and 4.2.3). The impact of the damaged zone on near-field flow and 
radionuclide transport is analysed in detail in Section 9.6.4. 

 In Figure 4-8, the lower values (e.g. the 10th percentile) of the combined parameter 
QF + QDZ are significantly reduced in DFN run ps_r0_no_edz_2000 compared with 
other runs. In this run, there is assumed to be no hydraulically significant EDZ 
below the deposition tunnel. Conversely, the range of values for this parameter is 
increased in case ps_r0_cont_edz_2000, where the EDZ is assumed to be a 
continuous, rather than discontinuous, feature. It is increased more significantly still 
in case ps_r0_condx10_2000, where the transmissivities assigned to the fractures 
representing the EDZ and the damaged zones around the deposition holes is 
increased by a factor of ten. The effects of the EDZ on near-field flow and 
radionuclide transport are considered in more detail in Section 9.6.5. 

Figure 4-12 presents cumulative distribution functions (CDFs) for the near-field 
equivalent flow rates in groundwater flow modelling case ps_r0_5000. This case 
provides the flow-related transport parameters for the Monte Carlo simulations, for the 
Reference Case and for the majority of other, deterministic calculation cases. It 
represents a specific realisation (r0) of the geosphere discrete fracture network (DFN) 
model and flow boundary conditions corresponding to the year 5000 AD. The reasons 
for using these results, rather than those of the groundwater flow modelling central case 
(ps_r0_2000), are explained in Section 6.2.  
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Figure 4-12. Cumulative distribution functions (CDFs) of the near-field flows in 
ps_r0_5000. The flux of water (flow rate per unit area) through the tunnel, qTDZ, is 
converted to a flow rate by multiplying by the tunnel cross-sectional area of 14 m2. The 
comparison with Qc is explained in the main text. 

 

The ConnectFlow results file provides flow-related transport parameter values for all 
5391 potential deposition-hole locations. As noted above, for some deposition holes, the 
particle tracks generated to characterise the F-, DZ- and TDZ-paths do not all reach the 
surface environment or other boundaries of the model. For some deposition holes, at 
least one of the particles released from the near field to track the pathways through the 
geosphere do not leave the near field, and hence at least one geosphere pathway is not 
defined. There remain 4830 deposition holes for which information is available on all 
three transport paths. There are also some deposition holes that do not pass the RSC 
inflow criterion or are intersected by a large deformation zones. Excluding these 
deposition holes, there remain 4718 deposition holes in groundwater flow modelling 
case ps_r0_5000 that are potentially suitable for disposal and for which all flow-related 
information is available for detailed analysis. These are the deposition holes used in 
calculating the cumulative probabilities in Figure 4-12. Of the 4718 deposition holes 
considered, there are 876 (about 19 %) with QF = 0, 155 (about 3 %) with QDZ = 0 and 
13 (about 0.3 %) with QTDF and qTDZ equal to zero.  

The figure also shows some the maximum values of the equivalent flow rates, Qc, 
defined in Equation 3.3-6, in the Reference Case and in the Monte Carlo simulations 
(Qc is element-dependent and also varies between Monte Carlo realisations). The 
reciprocal of Qc represents the transport resistance from the internal void space of the 
canister to the buffer. This transport resistance can be seen to be generally significantly 
higher than the transport resistances from the near field to the geosphere, which are the 
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reciprocals of QF, QDZ and QTDF. The importance of the transport resistance of the 
defect is further highlighted by the results of the PSA and deterministic calculation 
cases presented in later sections of this report, and also by the analysis of fractional 
mass transfer rates and delay times in Chapter 13, Section 13.5.   

Figure 4-13 presents cumulative distribution functions (CDFs) of the transport 
resistances (WL/Qs) in this same groundwater flow modelling case. When a near-field 
equivalent flow rate QF, QDZ or QTDF is zero, the corresponding geosphere path is not 
defined, and the ConnectFlow results file does not provide any value of WL/Q. For this 
reason the CDFs for the transport resistances in Figure 4-13 are created with data for the 
3701 deposition holes whose three near field flows QF, QDZ or QTDF are greater than 
zero, satisfy the RSC and for which all flow-related information is available.  

The figure shows that the CDFs of geosphere transport resistance are similar for each of 
the paths. Thus, considering the ensemble of pathways, whether a particle enters the 
geosphere via a fracture intersecting the deposition hole, via the deposition tunnel EDZ 
or via the deposition tunnel backfill has, on average, little influence on the transport 
resistance of the overall geosphere transport pathway. Note that these transport 
resistances are for the geosphere only, and exclude sections of the particle paths that re-
enter the near field (see, e.g., Section 6.6 for an illustration of the effects of re-entry to 
the near field on the transport resistances).  

In Table 4-3, the correlation between the near-field equivalent flow rates, QF, QDZ and 
QTDZ, the water flux in the tunnel, qf, the transport distance along the deposition tunnel 
and the transport resistance of the three geosphere paths are quantified for the same 
3701 deposition holes using rank correlation coefficients (RCCs). These RCCs are to be 
interpreted as follows: 

 

Figure 4-13. Cumulative distribution functions of WL/Q for the F-, DZ- and TDZ-paths 
in ps_r0_5000. 
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Table 4-3. Rank correlation coefficients for flow-related transport parameters. 

 

QF QDZ QTDF qTDZ 
Tunnel 
transport 
distance 

WL/Q 

F-path 
DZ-
path 

TDZ-
path 

QF 1.000 -0.259 0.253 0.134 -0.255 -0.132 -0.084 -0.066 

QDZ -0.259 1.000 -0.016 0.290 0.174 -0.176 -0.189 -0.207 

QTDF 0.253 -0.016 1.000 0.218 -0.084 -0.250 -0.249 -0.305 

qTDZ 0.134 0.290 0.218 1.000 0.020 -0.230 -0.220 -0.203 

Tunnel transport 
distance 

-0.255 0.174 -0.084 0.020 1.000 0.058 0.028 -0.024 

WL/Q 

F-path 0.132 -0.176 -0.250 -0.230 0.058 1.000 0.527 0.528 

DZ-path -0.084 -0.189 -0.249 -0.220 0.028 0.527 1.000 0.547 

TDZ-path -0.066 -0.207 -0.305 -0.203 -0.024 0.528 0.547 1.000 

 
 
 a high absolute value of the RCC means that the uncertainty in the parameter 

produces an important spreading of the model output; 

 a positive value of the RCC means that there exists a positive correlation between 
the input parameter and the model output, i.e., increasing the value of the parameter 
produces an increase of the model output; and 

 a negative value of the RCC means that there exists a negative correlation between 
the input parameter and the model output, i.e., increasing the value of the parameter 
produces a decrease of the model output. 

As expected, the geosphere transport resistances always correlate negatively with the 
near-field flows, i.e. a high geosphere transport resistance tends to be associated with a 
low near-field flow. The geosphere transport resistances themselves are always 
positively correlated, i.e., for example, a deposition hole whose F-path has a high 
transport resistance tends to have DZ- and TDZ-paths that also have high transport 
resistances. The RCCs between any two of the three WL/Qs take values of around 0.5.  

The correlations between WL/Qs are further illustrated in the scatter graphs shown in 
Figure 4-14, where each point in the scatter plot represents the values of the two 
parameters for the same deposition hole. The scatter in the transport resistance for 
different release positions is due to the discrete nature of the sparse fracture network, 
such that particles that start a short distance apart can follow quite different paths 
through the network even when they exit at similar locations on the top surface of the 
model, as driven by the prevailing hydraulic gradients. 
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Figure 4-14. Scatter plots illustrating the correlations between the WL/Q values for the 
F-, DZ- and TDZ-paths in ps_r0_5000.  
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5 GROUNDWATER COMPOSITION AND RELATED PARAMETERS 

This chapter addresses groundwater composition and the derivation of geochemical 
parameters. Section 5.1 provides a summary of current understanding of the 
groundwater composition at Olkiluoto and its evolution. Section 5.2 describes the 
reference and bounding waters that have been defined as a basis for the determination of 
radionuclide retention parameter values, such as distribution coefficients and solubility 
limits. Sections 5.3 and 5.4 then discuss the derivation of these parameter values for 
geosphere and near field, respectively.  

5.1 The groundwater at Olkiluoto and its evolution 

The fracture groundwater and matrix porewater compositions reflect the history of the 
Olkiluoto area, including: 

 the effects of periods of glaciation and associated infiltration of glacial meltwater; 

 submersion below sea-level and the influence of marine water; and  

 the slow interactions between the groundwater, porewater and the minerals of the 
rocks over millions of years.  

Currently, the groundwater composition over the depth range 0−1000 metres at 
Olkiluoto is characterised by a significant range in salinity and forms a relatively 
layered system (see Table 5-1, and Site Description). Fresh waters (salinity < 1 g/L) rich 
in dissolved carbonate are found at shallow depths, in the uppermost tens of metres. 
Brackish groundwater, with salinity up to 10 g/L, dominates at depths between 30 m 
and about 400 m. Sulphate-rich waters are common in the depth layer 100−300 m, 
whereas brackish chloride water, poor in sulphate dominates at depths of 300−400 m. 
Saline groundwaters (salinity >10 g/L) dominate at still greater depths.  

Groundwater composition will be affected by repository construction and operation and, 
in the longer term, by crustal uplift and by major climate changes. The expected water 
types and other possible water types at repository depth, and the ranges of salinity 
during different time windows, are shown in Table 5-2.  
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Table 5-1. Ranges of total dissolved solids (TDS) in the water-conductive fracture 
system, based on EC measurements (electrical conductivity), which are used to improve 
the coverage of groundwater samples in the 3-D salinity model. Water types 
corresponding to TDS ranges, their mixing origin and observed depth ranges, their pH 
and redox conditions are also shown (Site Description, Ch. 7). 

Groundwater types;  
dominant origin and mixing 

evidence in groundwater 
samples 

Depth range 
(z), m.a.s.l. 

TDS 
g/L 

Redox 
conditions pH 

Fresh HCO3; 
Meteoric infiltration 

+10 – -40 <1 Oxic to Anoxic 5.2–8.1 

Brackish HCO3;
 

Mixing of meteoric infiltration with 
Littorina13 Sea derived SO4-rich 

brackish groundwater 

0 – -130 1−3 Sulphidic 7.6–8.1 

Brackish SO4;  
Littorina seawater and glacial 
meltwater mixed with ancient 

meteoric water-saline 
groundwater mixture  

-60 – -300 4−9 Sulphidic 7.1–8.1 

Brackish Cl; 
Ancient meteoric water - saline 
groundwater mixture with minor 
Littorina seawater component 

-100 – -400 2−10 
Sulphidic to 
Methanic 

7.3–8.8 

Saline Na-Ca-Cl; 
Ancient meteoric water - saline 

groundwater mixture 
-320 – -480 10−18 Methanic 7.3–8.2 

Saline Ca-Na-Cl; 
Ancient saline groundwater -

meteoric water mixture 
-410 – -570 18−30 Methanic 7.6–8.4 

Highly saline Ca-Na-Cl; 
Ancient brine14 - meteoric water 

mixture 
below -570 >30 Methanic 7.0–8.1 

 

 

 

                                                 

13 During the end of the Weichselian glaciation, the Baltic Sea developed to ist current stage via 
alternating lacustrine and marine stages that were Baltic Ice Lake (until 11,590 BP), Yoldia Sea 
(11,590−10,800 BP), Ancylus Ice Lake (10,800−9000 BP), Mastogloia Sea (9000−8000 BP), Littorina 
Sea (8000−3000 BP) and Baltic Sea (3000 BP−present). Olkiluoto was free of ice cover around 
11,000 BP and emerged from Baltic Sea around 3000 BP (Eronen et al. 1995). 

 

14 TDS in brine water is more than 100 g/L. 
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Table 5-2. Expected water types and other possible water types at repository depth, and 
salinity ranges during different time windows (see Chapters 5−8 of Performance 
Assessment for further explanation). 

 
Expected water 
types at repository 
depth 

Other possible water types at 
repository depth 

Salinity range  
in reference volume1 

Operational 
period 

Saline 
Brackish Cl, Brackish SO4, 
Fresh/brackish HCO3 

 1 to 45 g/L 
(11 g/L average) 

Post-closure, 
up to 10,000 
years 

Saline, Brackish Cl, 
Brackish SO4 

Fresh/brackish HCO3 
1-25 g/L 
(10 to 12 g/L average) 

Future 
temperate 
periods  

Brackish Cl, Brackish 
SO4 

Saline, Fresh/brackish HCO3 
<0.4 to 17 g/L 
(4 to 10 g/L average) 

Future 
permafrost 
periods 

Brackish Cl, Brackish 
SO4 

Saline, Fresh/brackish HCO3 
<0.4 to 17 g/L 
(4 to 10 g/L average) 

Future 
glacial 
periods 

Brackish Cl, Brackish 
SO4 

Dilute meltwater, Saline 
<0.4 to 35 g/L 
(10 g/L average) 

1 The reference volume includes the repository and the surrounding rock in the depth range 370 m to 
470 m, i.e. some tens of metres above and below the repository. 

 

The groundwater salinity evolution is based on modelling studies presented in Löfman 
& Karvonen (2012), Löfman et al. (2010) and Hartley et al. (2012a) and summarised in 
Performance Assessment.  

5.2 Selection of reference and bounding groundwaters 

Radionuclide retention parameters for the repository system, such as solubilities and 
distribution coefficients, are affected by radionuclide speciation and hence by 
groundwater composition and by the composition of the buffer and backfill porewaters 
in equilibrium with the groundwaters. In particular, redox conditions, salinity, pH and 
carbonate concentration have an effect on the retention parameters. To take account of 
the evolution of the groundwater composition over time and the spatial variability of the 
properties affecting the retention parameters, a small number of representative 
groundwater compositions have been selected for the determination of values for these 
parameters.  

Based on the modelling of the geochemical evolution at the site, two reference 
groundwaters have been selected as representative of the most plausible compositions of 
groundwater at repository depth that could arise within the assessment time frame (see 
Table 5-2, expected water types). These are termed: 

 saline water, based on sample KR20/465/1 (salinity (TDS) 11 g/L); and 

 brackish water, based on sample KR6/135/8 (salinity (TDS) 7 g/L). 
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Here, KR20/465/1 and KR6/135/8 refer to the drillhole and drillhole length from which 
a sample was taken. For example, KR20/465/1 refers to drillhole KR20, sample taken 
from drillhole length 465 m, and sample number 1. 

The compositions of the reference waters at 25 oC are shown in Table 5-3. In deriving 
these compositions, water samples representative of the ambient temperature of about 
12 oC in the rock have been equilibrated with calcite and quartz at 25 oC. Higher 
temperature affects mainly the pH of the groundwater, which will be lower at 25 oC 
compared with the ambient temperature. Sorption is generally lower, and solubility 
higher, at lower pH (i.e. higher temperature) compared with higher pH. Thus, 
equilibration at 25 oC results in cautious values for these retention parameters. 

There are, however, potential hydrogeochemical disturbances that could lead to 
groundwater compositions that differ significantly, e.g. in their salinity and sulphide 
content, from those of the reference groundwaters, at least locally and for limited 
periods of time. These disturbances include: 

 stronger than expected drawdown caused by the repository and subsequent mixing 
of the different groundwater types (either more saline groundwater from depth or 
more dilute from the surface, depending on local fracture conditions); 

 interactions with high pH leachates from the cementitious materials used in the 
construction of the repository, which could lead locally to the formation of high-pH 
groundwater; and 

 intrusion of glacial meltwater to repository depth. 
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Table 5-3. Reference and bounding groundwaters (equilibrated with calcite and 
quartz). Units in mmol/L unless otherwise indicated. Temperature is 25 °C. The 
saturation index shows whether the water will tend to dissolve or precipitate a 
particular mineral. Its value is negative when the mineral may be dissolved, positive 
when it may be precipitated, and zero when the water and mineral are at chemical 
equilibrium. 

Saline 
water 

KR20/465/1

Brackish 
water 

KR6/135/8

Dilute, 
carbonate 
rich water, 

KR4/81/1

Brine water, 
KR4/861/1, 
w ith PSI 
database

Highly 
alkaline 
water

Glacial melt 
water, 

(Grimsel 
water)

log p(CO2) -2,74 -2,28 -2,11 -3,91 -8,30 -5,72

pH 7,21 7,12 7,49 7,18 10,0 9,69

Eh (mV) -222 -198 -224 -296 -408 -204

Alkalinity 
(meq L-1) 0,60 1,53 4,26 0,041 1,93 0,43

Ionic Strength 
(meq L-1)

215 144 18,9 1300 218 1,21

Na 116 77,1 13,2 424 117 0,69

K 0,28 0,47 0,25 0,560 0,28 0,0050

Mg 2,6 7,5 0,7 4,5 2,7 0,00062

Ca 33,0 16,2 1,2 392 33,8 0,13

Cl 182 114 9,91 1210 184 0,16

SO4
2- 0,21 4,82 0,96 - 0,21 0,061

S-2 0,0057 0,00060 0,00030 - 0,0058 -

CO3 tot
0,77 1,74 4,52 0,103 0,0095 0,19

Sr 0,16 0,093 0,0057 1,84 0,16 0,0020

Si 0,17 0,18 0,18 0,121 1,91 0,32

Mn 0,01 0,02 0,00 0,040 0,01 -

Fe 0,0023 0,0057 0,0081 0,036 0,0023 0,000003

F 0,051 0,016 0,032 0,084 0,052 0,36

Br 0,56 0,17 0,018 4,36 0,57 -

B 0,12 0,057 0,027 0,083 0,12 -

Calcite 0,0 0,0 0,0 0,0 0,0 0,0

Quartz 0,0 0,0 0,0 0,0 0,0 0,0

Siderite -1,88 -1,18 -0,23 -2,45 -2,25 -3,89

FeS(am) -1,59 -2,26 -2,01 - 1,00 -30,34

Magnetite -4,92 -3,58 -1,34 -5,67 9,92 4,22

Reference groundwaters Bounding groundwaters
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Thus, in addition to the reference waters, a set of bounding groundwaters is also 
defined. These are: 

 dilute carbonate-rich water, based on sample KR4/81/1 (salinity (TDS) 1 g/L); 

 brine water, based on sample KR4/861/1 (salinity (TDS) 69 g/L); 

 highly alkaline water (salinity (TDS) 11 g/L, pH 10); and 
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 glacial meltwater, based on water sampled at the Grimsel Test Site, Switzerland 
(salinity (TDS) <<1 g/L). 

The compositions of these waters, also shown in Table 5-3, which are considered 
extreme, end-members of the ranges of possible compositions, bound the uncertainty 
and variability in salinity, pH and carbonate concentration. 

5.3 Geosphere retention parameters related to groundwater 
composition 

Groundwater composition affects the speciation of dissolved radionuclides in the 
geosphere and the sorption of these species on mineral surfaces in rock fractures and in 
the adjacent diffusion-accessible rock matrix. Hakanen et al. (2012) present a summary 
of the sorption data for Olkiluoto specific rocks. The data are mainly based on 
laboratory experiments carried out during the Finnish site selection phase and on the 
complementary laboratory tests carried out for TURVA-2012. Literature sorption data 
for well-defined materials, especially for clays, were collected to complement the 
dataset. The derivation of distribution coefficients from the laboratory data and non-site-
specific data takes into account the in situ conditions at Olkiluoto by considering the 
specific surface area and cation exchange capacity. The latter has been observed to 
depend strongly on the biotite content of the rocks. The related uncertainties are also 
estimated. 

The water composition used in the laboratory tests included simulants for the reference 
and bounding waters. The results for brine water were extrapolated from the results for 
the highly saline water (TDS 50 g/L). For glacial meltwater, the results for the high pH 
variant of another dilute meltwater have been used (for further details of the 
groundwaters used in laboratory tests see Appendix 3 of Hakanen et al. (2012) and for 
the scaling procedure see Models and Data for the Repository System). 

The Olkiluoto specific rocks for which distribution coefficients have been derived 
include a type of mica gneiss (T-MGN), two types of tonalitic granodioritic gneisses 
(P-TGG and T-TGG) and pegmatitic granite (PGR). Migmatitic gneisses are the 
dominant rock types on Olkiluoto Island and the paleosome of the migmatitic gneisses 
is most commonly composed of mica gneiss. The homogeneous, banded, almost non-
migmatitic or only weakly migmatised gneisses, including TGG gneisses and pegmatitic 
granites (PGR), are also common. Pegmatitic granites occur either as units of limited 
size or as leucosome veins in the migmatitic gneisses. Because of the variation in the 
biotite content, sorption is higher in the mica gneiss and lower in the pegmatitic granites 
(Hakanen et al. 2012). The distribution coefficients (Kd values) for mica gneiss and 
tonalitic granodiorites are of the same order of magnitude. 

The conceptualisation of the fractures and rock matrix adjacent to the fractures for the 
purpose of the radionuclide retention and transport analysis has been presented in Site 
Description and is summarised in Section 3.4.1. The distribution coefficients for 
elements diffusing in the immobile zones, i.e. different layers of the rock adjacent to the 
fractures, have been selected based on the results from Hakanen et al. (2012). For the 
unaltered rock matrix, the reported lower limit Kd values for the T-MGN are used. 
These values can be considered cautiously chosen for most of the transport paths and 
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are typically of the same order as the best estimates for the PGR. These same Kd values 
are also used for the altered rock matrix, as there are no specific data for altered rock. 
This can be considered a cautious assumption, since the higher surface area in the 
altered zone is likely to result in enhanced sorption compared with the unaltered rock. 
Considering the fracture coatings, no sorption is assumed to take place on the calcite 
and sulphide coatings or on the slickensided surfaces. For the clay fillings, the minimum 
best estimate values for the clays (illite and kaolinite) given by Hakanen et al. (2012) 
have been used. The effects of uncertainty and variability in the sorption parameters are 
further studied in the PSA (Chapter 9). 

The porosity and effective diffusion coefficient vary between the rock layers. The 
values that have been used in the geosphere retention and transport calculations are 
taken from Chapter 8 of Site Description. The characteristics of the rock layers are 
based on C-14 Polymethylmethacrylate (PMMA) and X-ray tomography studies, giving 
information on the porosity profile adjacent to the fracture. The effective diffusion 
coefficients are determined from He gas through-diffusion experiments, carried out 
using rock samples from Olkiluoto (for a summary of these studies see Chapter 8 of Site 
Description). Anion exclusion may restrict the diffusion of the radionuclides in anionic 
form to the rock matrix. Based on the recent studies summarised in SKB (2010b), anion 
exclusion is likely to reduce the effective diffusion coefficient by half an order of 
magnitude. The effect of the anion exclusion in rock layers with higher porosity and 
limited thickness (fracture fillings and altered rock) can be considered to be even less. 
As the effective diffusion coefficient is only affected by anion exclusion to a limited 
extent and as the uncertainty in this parameter is small compared with the uncertainty 
and variability in the flow-related transport resistance (WL/Q), anion exclusion is not 
explicitly included in the calculations of geosphere transport. On the other hand, in 
Section 9.8.2, anions are hypothetically assumed to migrate instantaneously through the 
geosphere (without spreading or delay) to provide a bounding illustration of the possible 
effects of anion exclusion in the geosphere on release rates to the surface environment. 

5.4 Near-field retention parameters related to groundwater composition 

Groundwater composition affects the composition of porewaters in the repository near 
field. It thus affects (though less directly than in the case of the geosphere) the 
speciation of dissolved radionuclides in the near field, the sorption of these dissolved 
species on solid surfaces and the solubility limits that constrain aqueous concentrations. 
Chemical speciation also affects diffusion parameters, because of anion exclusion.  

Because of differences in the mineral compositions and surface properties in different 
parts of the near field, separate near-field porewater compositions have been evaluated 
for each of the reference and bounding groundwaters for three near-field compartments: 

 the internal void space of the canister (following canister failure and water ingress); 

 the buffer; and  

 the backfill. 

Chemical interactions between the different near-field compartments and the host rock 
are controlled by solute diffusion and chemical reactions, such as 
dissolution/precipitation, cation exchange and surface complexation. Although this will 



118 

 

initially induce transient conditions, over longer time scales (decades to several 
thousands of years), diffusive equilibrium between the porewater in the near-field 
compartments and the groundwater will be established, which can be simulated using 
thermodynamic equilibrium modelling.  

For the buffer and backfill porewaters, the particular thermodynamic equilibrium model 
used is based on the concept of multiporosity anion exclusion in compacted saturated 
bentonite, as described in Wersin et al. (2004), augmented with more recent information 
on porosities reported in Appelo (2008) and Tournassat (2008). The initial groundwater 
compositions are first equilibrated with quartz and calcite at 25 °C before equilibration 
with the buffer or backfill. Backfill porewaters are modelled for an average reference 
backfill consisting of compacted Friedland clay blocks (tunnel), Milos granules 
(foundation bed) and Milos pellets (wall, roof). A detailed description of the model is 
provided in Appendix C of Wersin et al. (2012a) and the resulting porewater 
compositions are reproduced in Tables 5-4 and 5-5. All calculations are performed for 
25 °C. For most porewater types, the redox potentials are assumed to be controlled by 
the activities of sulphur species from the surrounding groundwater (Wersin et al. 
2012a). Exceptions are the glacial meltwater and the brine water, where the redox 
potential is assumed to be controlled by ferrihydrite/Fe(II) and CO2/CH4 equilibria, 
respectively. The composition of the water in the internal void space of the canister has 
been calculated by assuming equilibration of the bentonite porewater with magnetite, 
which is the main corrosion product of the canister insert. This results in low redox 
potentials controlled by magnetite/Fe2+ equilibrium. The water composition in the 
internal void space of the canister is shown in Table 5-6. 

Kd values for the buffer and backfill have been derived using the empirical approach of 
Bradbury & Baeyens (1997, 2003) and Ochs & Talerico (2004). High quality batch 
sorption data from relevant experiments, where these are available, have been 
transferred to in-situ conditions using conversion factors, which accounts for any 
differences in mineralogy and porewater composition (pH and speciation). Kd values for 
cations sorbing via cation exchange have been obtained by modelling. Where there is a 
lack of suitable and reliable experimental data, information from natural analogues 
and/or expert judgment have been used. Uncertainties have been calculated as the 
product of the individual uncertainties associated with each conversion factor and the 
derivation of an overall uncertainty factor has been carried out as proposed by Bradbury 
& Baeyens (2003). Best estimate and upper and lower limit Kd values for each reference 
and bounding porewater are given in Wersin et al. (2012a, b). 

Elemental solubilities have been calculated for the reference and bounding waters (i) 
inside a (defective) canister, (ii) at the bentonite-host rock interface, (iii) in the bentonite 
buffer and (iv) in the backfill. For each element, an upper solubility limit has been 
proposed, taking into account formal uncertainty (calculated from the thermodynamic 
uncertainties of the solid phase and the dominant solution species) and geochemical 
uncertainty (given by the bounding water compositions). 
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Table 5-4. Buffer porewater: Composition of free porewater, cation exchange sites and 
edge sites for the two reference and four bounding porewater conditions at 25 °C. 
Concentrations in mmol/L unless otherwise stated. 

Saline 
water 

KR20/465/1

Brackish 
water 

KR6/135/8

Dilute, 
carbonate 
rich water, 

KR4/81/1

Brine water, 
KR4/861/1, 
w ith PSI 
database

Highly 
alkaline 
water

Glacial melt 
water, 

(Grimsel 
water)

log p(CO2) -3,20 -2,70 -2,40 -4,61 -8,28 -5,48

pH 7,80 7,23 7,69 7,42 10,0 9,62

Eh (mV) -245 -207 -238 -318 -407 -201

Alkalinity 
(meq L-1)

0,83 0,75 3,57 0,10 1,89 0,51

Ionic Strength 
(meq L-1)

513 271 30,1 2970 216 2,01

Na 500 151 22,1 774 116 1,54

K 2,64 0,92 0,46 1,03 0,28 0,010

Mg 10,5 14,4 1,25 8,33 2,63 0,0012

Ca 11,0 30,7 1,05 720 33,4 0,11

Cl 340 222 19,6 2230 182 0,31

SO4
2- 101,9 9,42 1,92 - 0,21 0,12

S-2 0,01 0,0012 0,00058 - 0,0057 -

C(4) 0,94 0,90 3,72 0,08 0,010 0,28

Sr 0,19 0,20 0,012 3,40 0,16 0,0039

Si 0,18 0,17 0,18 0,07 1,88 0,31

Mn 0,01 0,04 0,006 0,07 0,006 0,000009

Fe 0,00 0,011 0,013 0,07 0,0023 0,000005

F 0,08 0,032 0,064 0,15 0,051 0,71

Br 0,99 0,33 0,036 8,02 0,56 -

B 0,19 0,11 0,053 0,15 0,12 -

Calcite 0,0 0,0 0,0 0,0 0,0 0,0

Quartz 0,0 0,0 0,0 0,0 0,0 0,0

Siderite -1,35 -1,15 -0,01 -1,97 -2,24 -3,5

FeS(am) -0,78 -1,61 -1,39 - 0,99 -27,03

Magnetite -1,54 -2,28 0,11 -2,33 9,91 4,00

NaX 2290 996 519 1170 - 127

CaX2 193 674 785 655 - 1370

MgX2 67,5 252 371 9,9 - 5,2

KX 48,8 24,2 43,0 4,8 - 3,2

≡SOH 24,9 49,7 57,0 18,1 - 43,4

≡SOH2
+ 0,4 2,4 3,8 0,2 - 1,6

≡SO- 78,5 51,9 43,2 72,5 - 59,0
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Table 5-5. Backfill porewater: Composition of free porewater, cation exchange sites 
and edge sites for the two reference and four bounding porewater conditions at 25 °C. 
Concentrations in mmol/L unless otherwise stated. f means equivalent fraction of the 
cation exchange capacity (CEC). 

Saline 
water 

KR20/465/1

Brackish 
water 

KR6/135/8

Dilute, 
carbonate 
rich water, 

KR4/81/1

Brine water, 
KR4/861/1, 
w ith PSI 
database

Highly 
alkaline 
water

Glacial melt 
water, 

(Grimsel 
water)

log p(CO2) -3,47 -2,70 -2,40 -4,61 -8,28 -5,48

pH 7,60 7,21 7,28 7,46 10,00 8,75

Eh (mV) -234 -201 -201 -270 -394 -297

Alkalinity 
(meq L-1)

0,23 0,73 1,53 0,10 3,40 0,08

Ionic Strength 
(meq L-1)

362 245 86,4 2950 351 46,6

Na 204 110 29,4 665 253 5,93

K 3,27 0,67 0,62 0,98 0,38 0,04

Mg 26,5 16,0 6,8 7,7 5,1 0,06

Ca 36,5 35,3 13,5 754 37,6 14,5

Cl 288 176 12,6 2180 288 0,22

SO4
2- 22,3 18,5 28,2 5,2 20,6 17,3

S-2 0,0056 0,00062 0,00031 - 0,0056 -

C(4) 0,36 0,86 1,69 0,081 0,014 0,044

Sr 0,17 0,17 0,03 3,33 0,26 0,11

Si 0,17 0,17 0,18 0,09 3,32 0,20

Mn 0,01 0,033 0,005 0,072 0,010 0,000

Fe 0,02 0,018 0,007 0,550 0,042 0,008

F 0,07 0,025 0,040 0,150 0,080 0,470

Br 0,87 0,26 0,02 7,83 0,89 0,00

B 0,16 0,09 0,04 0,15 0,19 0,00

Calcite 0,00 0,00 0,00 0,00 0,00 0,00

Siderite -1,00 -1,00 -1,00 -1,00 -1,00 -1,00

Pyrite 6,70 4,99 4,22 - 6,22 -

FeS(am) -0,32 -1,73 -2,50 - 2,16 -

Dolomite -0,02 -0,20 -0,11 -1,60 -0,75 -2,20

Gypsum 0,00 0,00 0,00 0,00 0,00 0,00

Kaolinite 0,00 0,00 0,00 0,00 0,00 0,00

Quartz 0,00 0,00 0,00 0,00 0,00 0,00

CEC (eq/L) 2,12 2,12 2,12 2,12 2,12 2,12

NaX (f) 0,51 0,35 0,18 0,50 0,64 0,04

CaX2 (f) 0,29 0,47 0,56 0,49 0,32 0,95

MgX2 (f) 0,17 0,17 0,25 0,01 0,03 0,00

KX (f) 0,03 0,01 0,01 0,00 0,00 0,00

≡SOH 5,81 8,85 9,85 4,35 0,06 3,92

≡SOH2
+ 0,14 0,43 0,61 0,07 0,0 0,05

≡SO- 12,4 9,1 7,9 14,0 18,2 14,4

interlayer % 42,8 42,9 42,8 42,9 42,9 42,8

free water % 39,6 35,7 9,8 50,1 39,3 9,8

DDL water % 17,6 21,4 47,4 7,0 17,9 47,4p
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Table 5-6. Reference waters and bounding waters for RN solubilities for water in the 
internal void space of the canister at 25 °C. Units in mmol/L unless otherwise stated. 

Saline water 
KR20/465/1

Brackish 
water 

KR6/135/8

Dilute, 
carbonate 
rich water, 

KR4/81/1

Brine water, 
KR4/861/1, 
w ith PSI 
database

Highly 
alkaline 
water

Glacial melt 
water, 

(Grimsel 
water)

log p(CO2) -3,60 -2,69 -2,39 -5,27 -8,30 -5,48

pH 7,94 7,33 7,63 7,87 10,0 9,56

Eh (mV) -232 -163 -226 -346 -398 -304

Alkalinity 
(meq L-1)

0,48 0,95 3,06 0,02 1,89 0,42

Ionic Strength 
(meq L-1)

311 143 17,3 1300 214 1,26

Na 265 76,9 11,2 421 113 0,79

K 1,40 0,47 0,23 0,56 0,28 0,005

Mg 5,57 7,34 0,64 4,53 2,63 0,0006

Ca 13,6 15,9 1,17 391 33,4 0,13

Cl 180 113 10 1210 182 0,16

SO4
2- 62,00 4,80 0,98 - 0,21 0,06

S
-2 0,005 0,0006 0,00030 - 0,0057 -

C(4) 0,52 1,05 3,20 0,009 0,23

Sr 0,10 0,10 0,006 1,85 0,16 0,0020

Si 0,19 0,18 0,18 0,15 1,88 0,29

Mn 0,004 0,02 0,003 0,04 0,006 0,0000048

Fe 0,0024 0,010 0,010 0,16 0,0000 0,0000035

F 0,043 0,016 0,032 0,08 0,051 0,36

Br 0,53 0,17 0,018 4,36 0,61 -

B 0,10 0,06 0,027 0,08 0,12 -

Calcite 0,0 0,0 0,0 0,0 0,0 0,0

Quartz 0,0 0,0 0,0 0,0 0,0 0,0

Siderite -1,47 -0,94 -0,13 -1,81 -5,67 -3,6

FeS(am) -0,99 -1,75 -1,73 - -2,44 -

Magnetite 0,00 0,00 0,00 0,00 0,00 0,00
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As summarised below, effective diffusion coefficients and diffusion-accessible 
porosities are based on a compilation of available experimental data and their 
extrapolation to in-situ conditions (see Wersin et al. 2012a for details): 

 effective diffusion coefficients in the buffer for anions and cations sorbing via ion 
exchange have been determined individually for each of the reference and bounding 
porewaters to account for the variability in ionic strength; 

 effective diffusion coefficients in the backfill for anions and cations sorbing via ion 
exchange have been derived by scaling the corresponding effective diffusion 
coefficients for the buffer by the relative effective diffusion coefficients of tritiated 
water (HTO) in buffer and backfill; 
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 diffusion-accessible porosities for anions in the buffer have been determined 
individually for each of the reference and bounding waters; 

 diffusion-accessible porosities for anions in the backfill have been calculated using 
the same relationship for neutral to anion diffusion-accessible porosity as for the 
buffer; 

 effective diffusion coefficients for neutral species and cations not sorbing via ion 
exchange have been taken to be equal to those for HTO, these being based on a 
compilation of HTO diffusion data from the literature and their extrapolation to the 
in-situ dry density; 

 diffusion-accessible porosities for neutral species and cations in the buffer and 
backfill are assumed to be equal to the total porosities of these materials. 

For the special cases of Cs, Sr and Ra, the derivation of diffusion parameters is based on 
a concept presented in Gimmi & Kosakowski (2011), which implies a direct 
relationship between the diffusion and the ion-exchanged concentration (i.e., the 
concentration sorbed in the interlayer). From this relationship, a constant diffusion 
coefficient (Di = De/ ´), i.e. the quotient of the effective diffusion coefficient, De, and a 
dimensionless sorption coefficient ´ 	 1 /  (notation defined in 
Section 3.3.7), was derived with aid of experimental data taken from the literature. This 
simple relationship is appropriate in the case of intermediate to high sorption (i.e. at low 
to intermediate ionic strength), but may lead to too low De values at higher salinities 
(Gimmi & Kosakowski 2011). Therefore, it was decided to consider the De of HTO as a 
minimum value and to apply this value in all cases where the calculated De values were 
below that of HTO. This was done for reasons of conservatism. Assigning a constant Di 
(= De/ ´) at intermediate to high sorption is consistent with experimental observation 
and surface diffusion models. Further, the same diffusion-accessible porosity as for 
HTO is proposed for Cs, Sr and Ra for the buffer and the backfill (Wersin et al. 2012a, 
b). The effective diffusion coefficients for Cs, Sr and Ra are used in combination with 
the lower limit Kd values. 
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6 SPECIFICATIONS OF THE BASE SCENARIO AND REFERENCE 
CASE 

This chapter defines the base scenario and the Reference Case, which is a specific 
model representation of the base scenario where a single canister with an initial 
penetrating defect is assumed to be present in the repository. The main objective of 
analysing the Reference Case is to provide a reference set of results with which the 
results of other calculation cases can be compared. A general description of the base 
scenario and Reference Case is provided in Section 6.1. Section 6.2 describes how a 
cautious location for the defective canister is chosen, and the equivalent near-field flows 
at that location. The inventory of radionuclides and stable isotopes in the defective 
canister is described in Section 6.3. Section 6.4 outlines the Reference Case model 
assumptions for radionuclide release, retention and transport processes in the internal 
void space of the canister and gives the values selected for the model parameters. Model 
assumption and parameter values for the buffer and backfill parameters are given in 
Section 6.5. Finally, Section 6.6 gives the model assumptions and parameter values for 
the geosphere.  

6.1 General description 

The base scenario is taken to include the most likely lines of evolution for the repository 
system, taking into account the incidental possibility of one or a few canisters with 
initial undetected penetrating defects. In analysing this scenario, canisters without initial 
penetrating defects are assumed to provide complete containment of radionuclides 
throughout the assessment time frame. The buffer and backfill are assumed to perform 
their respective safety functions throughout the assessment time frame, and the 
properties of the rock are in accordance with the application of the RSC criteria. All 
radionuclide transport properties are assumed to be constant throughout the buffer and 
throughout the backfill. Radionuclides are assumed to be transported in solution only. 
Transport in a gas phase and colloid-facilitated radionuclide transport are not considered 
in the base scenario. Steady groundwater flow and composition are assumed throughout 
the assessment time window. The groundwater type assumed in modelling the base 
scenario is brackish, which is the reference groundwater type at the time of first 
radionuclide releases (assumed to be at least 1000 years after disposal, see below). 

The potential number of defective canisters that might be emplaced in the repository has 
been analysed probabilistically by Holmberg & Kuusela (2011). The main objective of 
this study was to estimate the reliability of the welding and of the non-destructive 
testing (NDT) processes for penetrating defects in the copper overpack. After varying 
the assumptions used as input data, it was concluded that the currently available data are 
insufficient, even when expert judgement is used, to make a reasonable estimate of the 
probability of emplacing a defective canister in the repository. However, with additional 
data on the welding process and continued developments of the NDT process, 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 (Holmberg & Kuusela 2011, Figure 
13). At the moment, therefore, the number of defective canisters is taken as one in the 
Reference Case and in the sensitivity cases for the base scenario. However, the 
likelihood and consequences of there being several defective canisters in the repository 
is analysed quantitatively in a complementary analysis in Section 9.2, including the 
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(low) probability that one or more of these canisters could be unfavourably located. This 
complementary analysis uses the results of Holmberg & Kuusela (2011).  

In the Reference Case, the defective canister is also assumed to be emplaced in a 
deposition hole that is relatively unfavourable with respect to flow-related repository 
system parameters. The cautious selection of the deposition hole in which the defective 
canister is assumed to be located in the Reference Case is explained in Section 6.2 
(other possible locations, also cautiously selected, are considered in sensitivity cases in 
Section 8.1). In reality, the canister may be located, with equal probability, in any of the 
deposition holes that are accepted for canister emplacement. As shown in Section 8.1.1, 
the majority of locations give peak releases that are far lower than those of the 
Reference Case. Thus, even if a few defective canisters are present in the repository, the 
probability of any one of them being placed in an unfavourable location is low, and the 
probability of more than one of them being unfavourably located is still lower. This is a 
further justification for considering just one, cautiously located defective canister in the 
Reference Case and in other cases in the base scenario.  

The defect is, in most calculation cases for the base scenario, assigned a diameter of 1 
mm and is assumed to be water-filled at all times. The properties of the defect are 
assumed not to change with time. As described in Formulation of Radionuclide Release 
Scenarios, the 1 mm diameter is chosen on the basis that larger defects are likely to be 
detected. Smaller defects may exist, but are likely to be non-penetrating. The effect of 
the size of the defect is analysed in the Monte Carlo simulations and PSA described in 
Chapter 9, where a range of diameters from 0.3 mm to 3 mm is considered.  

As noted above, steady groundwater flow and composition are assumed throughout the 
assessment time window. Transient flow and associated changes in composition during 
the early evolution of the repository are not considered to be relevant. This is because 
the changes in hydraulic gradients and the major changes in the surface environment 
associated with retreat of the shoreline will have occurred by the time water is assumed 
to contact the fuel and the first radionuclides are released from the canister, at 1000 
years after disposal in the Reference Case (delayed establishment of the transport path 
from the internal void space of the canister is considered in a sensitivity case in Section 
8.3). Over the next few thousand years, groundwater flow and composition will 
continue to evolve slowly with time due to continuing crustal uplift. To evaluate the 
effects on flow, the groundwater flow distribution has been calculated for the years 
2000 AD, 3000 AD and 5000 AD (see Chapter 4). Flow-related transport parameter 
values for the model representation of the base scenario are taken from flow modelling 
case ps_r0_5000, which is a specific realisation (r0) of the geosphere discrete fracture 
network (DFN) model, using flow boundary conditions corresponding to the year 
5000 AD. The reasons for this selection are explained in Section 6.2.  

The element-specific oxidation states and speciation assumed for safety-relevant 
radionuclides in the brackish groundwater assumed in the Reference Case and also in 
the near-field pore waters corresponding to this groundwater type are shown in Table 
6-1. These oxidation states and speciation are used in defining solubility limits, 
distribution coefficients and diffusion parameters. The derivation of these parameters is 
 



125 

 

Table 6-1. Reference-case oxidation states and speciation. Anionic species highlighted 
in pink. 

Element Speciation 

Ag (I) 

Cationic or neutral 
Am (III) 

Be (II) 

C (IV) 

Cl (-I) Anionic 

Cm (III) 
Cationic or neutral 

Cs (I) 

I(-I) Anionic 

Mo (VI) 

Cationic or neutral 

Nb (V) 

Ni (II) 

Np (IV) 

Pa (V) 

Pu (III, IV) 

Ra (II) 

Se(-II) Anionic 

Sm (III) 

Cationic or neutral 

Sn (IV) 

Sr (II) 

Tc (IV) 

Th (IV) 

U (IV,VI) 

Zr (IV) 

 

summarised in Chapter 5. Alternative speciations are considered in sensitivity cases in 
Section 8.2.  

Carbon is cautiously assumed to be in organic form (methane) and to be non-sorbing 
and also not solubility limited. However, inorganic carbon may also be present, which 
could undergo limited solubility and sorption on in the buffer and backfill. This 
possibility is considered in the Monte Carlo simulations described in Chapter 9. 

Note also that the elements having anionic speciation in Table 6-1 include all true and 
non-sorbing anions (Se (-II), iodide and chloride). They do not, however, include labile 
radionuclide complexes that are negatively charged (e.g. negatively charged hydroxo- 
or- carbonate radionuclide complexes formed by Th) or sorbing anions such as 
molybdate that are not expected to be subject to anionic exclusion and are thus treated 
in the same way as cationic or neutral species in modelling transport through the buffer 
and backfill (see Wersin et al. 2012a, b). 
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Beyond a few thousands of years in the future, the flow field is expected to become 
relatively stable. However, the possible effects of the evolving groundwater flow and 
composition in response to climate change are considered in the context of the variant 
and disturbance scenarios and their associated calculation cases (see Sections 10.2, 11.2 
and 11.3).  

In the Reference Case and in sensitivity cases for the base scenario, radionuclide 
release, retention and transport modelling for the near field is carried out using the 
GoldSim transport module. MARFA is used for modelling radionuclide transport in the 
geosphere. The model assumptions and simplifications used to analyse radionuclide 
release and transport in the repository system in the Reference Case are listed 
systematically in Appendix E. The following sections describe, in more detail, model 
assumptions and parameter values related to: 

 the number and location of failed canisters (Section 6.2); 

 the inventories of radionuclides and stable isotopes (Section 6.3); 

 the internal void space of the canister (Section 6.4); 

 the buffer and backfill (Section 6.5); and 

 the geosphere (Section 6.6). 

 
6.2 Location of defective canister and equivalent near-field flows 

Because of the heterogeneity of the host rock, the consequences of there being a 
defective canister in the repository will vary widely, depending on the position of the 
deposition hole in which it is emplaced. In particular, groundwater flow near the 
deposition hole and the transport resistances of the paths followed by released 
radionuclides through the geosphere will be subject to large variability. In the Reference 
Case, a cautious approach is taken in choosing a location for the defective canister. The 
location is based on the following two measures of repository-system performance for 
each deposition hole: 

0 t 15000	years
I‐129

I‐129

Cl‐36

Cl‐36

C‐14

C‐14
 ; (6.2-1)

and 

0 t 15000	years I‐129 I‐129 Cl‐36 Cl‐36 C‐14 C‐14  ; (6.2-2)

where RN (t) [Bq/a] is the release rate of radionuclide N to the surface environment at 
time t, GN[Sv/Bq] is the ingestion dose coefficient for this radionuclide and HN[Bq/a] is 
the nuclide-specific constraint for the release of this radionuclide to the environment 
specified in Finnish regulations (Table 2-1). Values of GN and HN for the three 
radionuclides considered in calculating the performance measures, I-129, Cl-36 and C-
14, are shown in Table 6-2. 
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Table 6-2. Parameter values used to determine the performance measures R1 and R2. 

Radionuclide 
N 

Ingestion dose coefficient 
GN [Sv/Bq] 

Nuclide-specific constraint for the 
release of this radionuclide to the 
environment, HN [Bq/a] 

I-129 1.1·10-7 108 

Cl-36 9.3·10-10 3·108 

C-14 5.8·10-10 3·108 

 

The reason for limiting the analysis to three radionuclides is the large computer 
resources required for the calculations. The selection of I-129, Cl-36 and C-14 is based 
on experience from this and previous assessments, in which these are shown to be the 
key contributors to both the radiation doses and the geo-bio flux, normalised with 
respect to the regulatory nuclide-specific constraints, in cases where a small hole in the 
canister is considered, provided the buffer, backfill and geosphere perform their 
respective safety functions (see the results presented in Chapters 7 to 9 of the present 
report, and also the findings reported in e.g. Nykyri et al. 2008, Smith et al. 2007 and 
Hjerpe et al. 2010). Note that other radionuclides, such as Ra-226 and Cs-135, can be 
important in other scenarios involving a larger-scale failure of the canister or canisters 
(see, for example, the rock shear scenarios described in Chapter 11 of the present 
report). 

Both performance measures quantify the maximum release rate from the geosphere to 
the surface environment from a given location in the repository, with radionuclides 
weighted according to their radiological toxicity. Although the units of R2 are Sv/a, the 
values of this parameter should not be taken to represent a dose to any hypothetical 
individual. The parameter is simply a measure of maximum release rate, with 
radionuclides weighted according to their radiological toxicity on ingestion. In the case 
of R1, the weighting using regulatory nuclide-specific constraints is more broadly based, 
and is in accordance with regulatory guidance, although the constraints used for 
weighting are applicable in compliance assessment only beyond the dose criteria time 
window.  

Figure 6-1 shows complementary cumulative distribution functions of the two 
performance measures over all deposition holes satisfying the initial inflow rock 
suitability criterion (Section 4.2.4) for four DFN simulations: 

 ps_r0_5000, i.e. DFN realisation r0, with flow boundary conditions corresponding 
to the year 5000 AD; 

 ps_r0_2000, i.e. DFN realisation r0, with flow boundary conditions corresponding 
to the year 2000 AD; 

 ps_r2_2000, i.e. DFN realisation r2, with flow boundary conditions corresponding 
to the year 2000 AD; and 

 ps_r3_2000, i.e. DFN realisation r3, with flow boundary conditions corresponding 
to the year 2000 AD. 
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Figure 6-1. Complementary cumulative distributions of the performance measures R1 
and R2 from simulations for four alternative DFN models: DFN realisations r0, r2 and 
r3 assuming flow boundary conditions corresponding to the year 2000 AD and DFN 
realisation r0 for 5000 AD. The RSC inflow criterion (inflow ≤ 0.1 L/min) is applied. 
The value of the performance measure at the reference canister location, position 381 in 
the DFN realisation r0 for 5000 AD, is indicated by the vertical dashed line. Although 
the units of R2 are Sv/a, it should not be taken to represent a dose to any hypothetical 
individual (see main text). 

Radionuclide transport parameters used to calculate the performance measures that are 
not related to hole location are those of the Reference Case, as given in the later sections 
of this chapter. 

The distributions for the different DFN realisations are quite similar; realisation r0, 
which is chosen a basis for the Reference Case, is fairly representative of other 
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realisations at a given time. Flow-related transport parameter values for deposition hole 
381 in realisation r0 at 5000 AD are chosen for the Reference Case, on the basis that 
these give values of both performance measures that are at the high end of the 
distribution for this realisation (the choice of 5000 AD is discussed below); the 
probability that a randomly selected deposition hole passing the RSC has flow-related 
transport parameters that yield values of the performance measures R1 and R2 exceeding 
those of the Reference Case is low, at about 0.1 %.  

It should be noted that, had flow-related transport parameters been based on a DFN 
realisation other than r0, deposition hole 381 would not necessarily have represented a 
cautious choice; another deposition hole would most likely have been selected based on 
the above performance measures. However, the similarity of distributions for the 
alternative DFN models shown in Figure 6-1 indicate that the flow-related transport 
parameters at the chosen location would have been similar. Further, the discharge 
pathway for this region of the repository is strongly controlled by the presence of a 
deterministic hydrogeological zone (HZ099, see Figure 6-2), and so paths with similar 
characteristics are to be expected in other realisations. 

 

Figure 6-2. The deterministic hydrogeological zones at a depth of 410 m, the layout of 
tunnels, and the deposition hole 381 that is assumed to contain a defective canister in 
the Reference Case. Hydrogeological zones are coloured green, with ONK56 and 
BFZ100, which are not documented as hydrogeological zones in the current site 
descriptive model, shown in red. The layout determining feature BFZ19C (not classified 
as a hydrogeological zone) is shown in orange. After Figure 4-15 of Hartley et al. 
(2012a).  

381 
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Figure 6-3 shows position 381 and the corresponding particle track end points 
(discharge locations to the biosphere) for the F-, DZ- and TDZ-paths assuming flow 
boundary conditions corresponding to the years 2000 AD, 3000 AD and 5000 AD. 
Discharge takes place to the sea off the present-day northern coast of the island (this is 
also true of other deposition-hole locations that are highly ranked on the basis of these 
performance measures). The discharge locations to the surface environment vary 
significantly between the F-, DZ- and TDZ-paths at 2000 AD case, but tend to converge 
on a relatively limited area at later times (see especially the green points in Figure 6-3).  

This observation has led to the decision to adopt the groundwater flow distribution at 
5000 AD as a basis for the selection of flow-related transport parameters for near-field 
release and transport modelling and for geosphere transport modelling in the Reference 
Case. Equivalent near-field flows and water flux through the tunnel for the Reference 
Case, based on the DFN modelling results for case ps_r0_5000 and for deposition hole 
381, are as follows:  

 Equivalent flowrate through fracture intersecting deposition hole, QF: 
6.14·10-3 m3/a; 

 Equivalent flowrate through tunnel EDZ, QDZ: 2.69·10-4 m3/a;  

 

 

Figure 6-3. Discharge locations to the surface environment from the Reference Case 
canister position (381) via the F-, DZ- and TDZ-paths, evaluated for realisation r0 
assuming flow boundary conditions corresponding to the years 2000 AD, 3000 AD and 
5000 AD.  
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 Equivalent flowrate through fracture intersecting tunnel, QTDF: 2.39·10-3 m3/a; and 

 Water flux through tunnel, qTDZ: 2.65·10-5 m/a. 

The horizontal distance along the deposition tunnel from the deposition hole to the 
downstream fracture to which radionuclides migrate following the TDZ-path is 5.84 m. 
The parameter UF, which is flow per unit width summed over all fractures intersecting 
the damaged zone (see Section 4.2.2), is equal to 1.03·10-2 m2/a for deposition hole 381 
and the number of intersecting fractures is two. The target value for the groundwater 
flow in a fracture intersecting a deposition hole under saturated conditions is that it shall 
be less than one litre/(m × year), i.e. 10-3 m2/a, for most of the deposition holes (Section 
6.3.4.1 of the Design Basis). Thus, the flow in at least one of the fractures intersecting 
deposition hole 381 exceeds the target value, emphasising the cautiousness of choosing 
this particular deposition hole as a location for the defective canister in the Reference 
Case. 

The cautiousness of the selection of Reference Case location with respect to the main 
flow-related transport parameters is further illustrated in Figures 6-4 and 6-5. 

 

Figure 6-4. Cumulative distributions of the geosphere transport resistance of the F-
path for all deposition holes assuming flow boundary conditions corresponding to the 
years 2000 AD, 3000 AD and 5000 AD, and the positions of the Reference Case 
canister location within these distributions. Note that the curves indicate that around 22 
% of deposition holes have transport resistances greater that the upper bound of the 
graph. This is because around 22 % of deposition holes are either not intersected by 
any fractures, or are the source of particle tracks that do not reach the surface 
environment within the million year assessment time frame 
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Figure 6-5. Cumulative distributions of the sum of the near-field flows QF + QDZ for all 
canister locations assuming flow boundary conditions corresponding to the years 2000 
AD, 3000 AD and 5000 AD, and the position of the Reference Case canister locations 
within these distributions.  

 

Figure 6-4 shows that the cumulative distribution of the geosphere transport resistance 
of the F-path varies little when considering flow conditions at 2000 AD, 3000 AD and 
5000 AD (the transport resistances of the DZ and TDZ paths show similarly small 
changes over time). The transport resistance at deposition-hole 381 is always towards 
the lower (cautious) end of the distribution. Figure 6-5 shows that the cumulative 
distribution of the sum of the near-field equivalent flows QF + QDZ (the main flow-
related parameter affecting near-field release in the Reference Case) also varies little 
between these times. QF + QDZ at location 381 is always towards the upper (cautious) 
end of the distributions. Note that the near-field equivalent flow rates and the geosphere 
transport resistances tend to be dominated by fractures in the immediate vicinity of the 
repository, and flows in these fractures are relatively unaffected by changes to the 
shoreline compared with near-surface flows. Thus, the choice of Reference Case 
canister location is not greatly affected by the time at which the groundwater flow 
distribution is modelled.  

A detailed examination of the DFN model shows that deposition hole 381 is cut by a 
relatively large, sub-horizontal fracture (equiv. radius 235 m). This fracture cuts about 
40 deposition holes. Thus, while this deposition hole is certainly a cautious choice for 
the Reference Case, it would probably not, in practice, be used for disposal. Note that 
the development of rock suitability classification (RSC) criteria that might exclude such 
positions is ongoing (McEwen et al. 2012).  
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Whether or not the chosen Reference Case defective canister location is the most 
cautious with respect to the regulatory dose constraints applicable to humans, or with 
respect to the effects on plants and animals, has not been demonstrated. This is because, 
unlike the performance measures used for the selection of deposition hole 381, the 
evaluated dose is affected by the characteristics of the surface environment to which 
discharge occurs. However, sensitivity cases are defined and analysed in Section 8.1 in 
which defective canister locations are chosen such that discharge to the surface 
environment occurs at markedly different places compared with the Reference Case. 
These sensitivity cases are propagated to the dose assessment (see Biosphere 
Assessment). 

6.3 Inventory of radionuclides and stable isotopes 

The analysis of the Reference Case requires, as a source term, the activity inventories of 
all radionuclides present in the failed canister that are identified as being safety relevant. 
In addition, the molar masses are needed to allow the inclusion of solubility limitation 
in the analysis (see Section 3.3.5).   

The spent nuclear fuel to be disposed of at Olkiluoto includes fuel assemblies with a 
range of fuel types, each with their own specifications. The assemblies have 
experienced a range of different operating conditions in the reactors and a range of 
subsequent cooling times. Furthermore, it is not only the spent nuclear fuel from 
existing reactors that needs to be considered, but also that from reactors that are either 
planned or under construction. It is not practical to consider explicitly the variability in 
activity inventories and molar masses between canisters in the radionuclide release, 
retention and transport analyses. Rather, the approach adopted is to define a reference 
inventory that combines the properties of fuel assemblies in a cautious way. The 
analysis of the Reference Case and of other calculation cases can then be carried out 
using this single, reference inventory. The activity calculations providing the basis for 
the reference inventory are reported by Anttila (2005a). The activities are reported for a 
set of key radionuclides in GBq/tU and the element-wise composition in g/tU, both at 
eight cooling time points between 0 and 106 years. The method for deriving the 
reference inventory from the activity calculations is presented in Appendix F. The 
appendix also describes the related, but separate, task of screening out those 
radionuclides that have no plausible safety relevance and are thus not included in the 
release, retention and transport calculations. 

The fuel assembly types, total amounts of uranium and numbers of canisters for all the 
present power reactors, including the future Olkiluoto 3 and Olkiluoto 4 reactors, are 
shown in Table 6-3. The nominal number of disposal canisters in the repository is 4500, 
with a total amount of uranium of 9000 tonnes. Thus, the average amount of uranium 
per canister is 2.0 tonnes, which is used as the uranium content of a reference canister 
(Table 5-3 of Description of the Disposal System). 

The fuel parameter variants taken into account in the reference inventory are listed in 
Table 6-4. 
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Table 6-3. The fuel assembly types contributing to the inventory. 

Reactor Fuel assembly type Total amount 
of uranium (tU) 

Number of 
canisters 

Loviisa 1–2 VVER-440 (manufacturers 
TVEL and BNFL) 

1107 750 

Olkiluoto 1–2 BWR Atrium 2893 1400 

Olkiluoto 3–4 PWR1) 5000 2350 

Total  9000 4500 

1)  The reactor type of Olkiluoto 4 has not been chosen, but OL3 is applied as the 
reference for the inventory. 

 

Table 6-4. The fuel parameter variants taken into account in the reference inventory. 

Parameter Unit Values 

U-235 enrichment (%) 3.6 (PWR) 
3.7 (VVER-BNFL) 
3.8 (BWR) 
4.0 (PWR and VVER-TVEL) 
4.2 (BWR) 
4.4 (VVER) 

Discharge burn-up (MWd/kgU) 40, 50, 60 

Void fraction1) (%) 0, 40, 80 (BWR only) 

1)  Void fraction is the relative volume of steam bubbles (water vapour) in a 
boiling water reactor. Void fraction influences the calculated inventories 
of radionuclides. 

 

The reference activity inventory (per tonne of uranium) at 30 years of cooling, together 
with the half-lives and partitioning of radionuclides between fuel matrix, instant release 
fraction (IRF), zirconium alloy and other metallic parts, is given in Table 6-5. The 
combined molar inventories of the elements having radionuclides, that are considered 
potentially safety relevant, are given in Table 6-6. 

There are significant uncertainties in the release and migration behaviour of activation 
and fission products initially adhering to the surfaces of spent nuclear fuel rods (crud). 
However, the spent nuclear fuel rods will stay in storage pools for 30 years or more 
before encapsulation, which means that the most easily leached part of the activity, 
including that associated with crud, will most likely be released in the spent nuclear fuel 
stores, not in the spent nuclear fuel repository. If this is the case, that activity will then 
be bound 1) to the surfaces of the fuel pool and the water purification system and 2) to 
the filters of the purification system. The first part will be handled in the context of the 
decommissioning of the spent nuclear fuel stores and the latter part will be disposed of 
in the operating-waste repositories at Olkiluoto and Loviisa. This is assumed in the 
Reference Case. However, as a cautious, alternative assumption, the crud inventory can 
be treated as an IRF (see Section 9.5.4).  
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Table 6-5. The reference inventory of the potentially safety-relevant radionuclides in 
one tonne of uranium (tU) at 30 years after discharge from the reactor. 

Radio- 
nuclide 

Half life 
[a] 

Total inventory 
at 30 years 
cooling time 
[GBq/tU] 

Partitioning of activity [%] 

Fuel matrix IRF of all 
compo-
nents1) 

Zirconium 
alloy 

Other metal 
parts 

Ag-108m 4.38E+02 2.50E+04  100.0 %   

Am-241 4.32E+02 1.93E+05 100.0 %    

Am-243 7.37E+03 3.42E+03 100.0 %    

Be-10 1.51E+06 1.26E-02 95.0 % 5.0 %   

C-14 5.70E+03 1.61E+02 22.4 % 5.5 % 12.1 % 60.0 % 

Cl-36 3.01E+05 2.63E+00 73.6 % 8.2 % 18.2 %  

Cm-245 8.42E+03 1.03E+02 100.0 %    

Cm-246 4.71E+03 3.57E+01 100.0 %    

Cs-135 2.30E+06 3.43E+01 95.0 % 5.0 %   

Cs-137 3.01E+01 3.46E+06 95.0 % 5.0 %   

I-129 1.57E+07 1.91E+00 95.0 % 5.0 %   

Mo-93 4.00E+03 2.26E+01 1.4 % 0.1 % 0.2 % 98.3 % 

Nb-91 6.80E+02 2.86E-04 88.8 %  11.2 %  

Nb-92 3.47E+07 2.35E-04 1.2 %  98.8 %  

Nb-93m 1.61E+01 5.08E+03 1.7 %  98.3 %  

Nb-94 2.03E+04 7.52E+02   42.8 % 57.2 % 

Ni-59 7.60E+04 2.21E+02 0.3 %  2.9 % 96.8 % 

Ni-63 1.01E+02 2.47E+04 0.3 %  3.3 % 96.4 % 

Np-237 2.14E+06 2.37E+01 100.0 %    

Pa-231 3.28E+04 1.39E-03 100.0 %    

Pd-107 6.50E+06 9.72E+00 99.0 % 1.0 %   

Pu-238 8.77E+01 2.64E+05 100.0 %    

Pu-239 2.41E+04 1.42E+04 100.0 %    

Pu-240 6.56E+03 3.12E+04 100.0 %    

Pu-241 1.43E+01 1.75E+06 100.0 %    

Pu-242 3.75E+05 2.17E+02 100.0 %    

Ra-226 1.60E+03      

Se-79 3.27E+05 4.67E+00 99.6 % 0.4 %   

Sm-151 9.00E+01 1.74E+04 100.0 %    

Sn-126 2.30E+05 3.92E+01 100.0 %    

Sr-90 2.88E+01 2.23E+06 99.0 % 1.0 %   

Tc-99 2.11E+05 8.48E+02 99.0 % 1.0 %   

Th-229 7.34E+03      

Th-230 7.54E+04 1.32E-02 100.0 %    

Th-232 1.40E+10 2.06E-08 100.0 %    

U-233 1.59E+05 3.86E-03 100.0 %    

U-234 2.46E+05 5.53E+01 100.0 %    

U-235 7.04E+08 8.15E-01 100.0 %    

U-236 2.34E+07 1.46E+01 100.0 %    

U-238 4.47E+09 1.17E+01 100.0 %    

Zr-93 1.61E+06 1.27E+02 87.9 %  12.1 %  
1 IRF: instant release fraction. The percentages are calculated as a ratio of the IRF activity and the total 

activity, whereas, in Table F-2 of Appendix F, the percentages represent the IRF of the activity of the 
component class in question. 
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Table 6-6. The molar inventories of the elements having radioactive isotopes that are 
considered potentially safety relevant. The amounts represent the lowest values among 
the various spent nuclear fuel types and their operating histories, so that the solubility 
limits of these elements are applied in a cautious manner. 

Element Molar 
mass 
(mol/tU) 

Partitioning of mass (%) 

Fuel 
matrix 

IRF of all 
compo-
nents 

Zirconium 
alloy 

Other 
metal 
parts 

Ag 2.07E+02 0.4 % 99.6 %   

Am 8.07E+00 100.0 %    

C 7.98E+00    100.0 % 

Cl 1.52E-01   100.0 %  

Cm 3.07E-02 100.0 %    

Cs 1.92E+01 95.0 % 5.0 %   

I 1.87E+00 95.0 % 5.0 %   

Mo 4.34E+01 92.3 % 4.9 %  2.8 % 

Nb 9.91E-02 0.1 %  94.9 % 5.0 % 

Ni 1.21E+02    100.0 % 

Np 2.53E+00 100.0 %    

Pd 1.55E+01 99.0 % 1.0 %   

Pu 4.21E+01 100.0 %    

Ra 0.00E+00     

Se 8.09E-01 99.6 % 0.4 %   

Sm 6.83E+00 100.0 %    

Sn 4.29E+01 1.2 %  98.8 %  

Sr 8.06E+00 99.0 % 1.0 %   

Tc 9.58E+00 98.8 % 1.0 %  0.2 % 

Th 8.87E-05 100.0 %    

U 3.88E+03 100.0 %    

Zr 4.09E+03 1.2 %  98.8 %  

 

6.4 Internal void space of the canister 

6.4.1 Influx of water 

In the Reference Case, it is assumed to take 1000 years for water to penetrate the 
canister insert and fuel cladding and to come into contact with the fuel and structural 
materials, and for a transport pathway to be established between the internal void space 
of the canister and the canister exterior. This assumption is based on the slow water 
ingress rate and on the barriers to ingress provided by the cast iron insert and the fuel 
cladding (see Models and Data for the Repository System). Initially, water will be 
transported through the defect 1) in liquid form by pressure-induced flow and 2) in the 
form of vapour by molecular diffusion if the defect is gas-filled. The rate of inflow will 
decrease over time due to the gradual build-up of an internal counter pressure from 



137 

 

hydrogen gas formed as the insert corrodes. However, after 1000 years, intruding water 
is assumed to fill entirely the void space in the canister interior. The volume of this void 
space totals 700 litres and is assumed to remain constant over time. 

6.4.2 Dissolution of spent nuclear fuel and corrosion of structural materials 

Following ingress of water to the canister interior, the Reference Case fractional 
degradation rates of the fuel matrix, zirconium-based materials and other metal parts are 
as follows: 

 fuel matrix:   1.0·10-7 per year dissolution rate; 

 zirconium-based materials: 1.0·10-4 per year corrosion rate; and 

 other metal parts:   1.0·10-3 per year corrosion rate. 

The background to these rates, including degradation in anoxic and reducing conditions, 
is described in Sections 1.4.6 to 1.4.8 of Part II of Pastina & Hellä (2010) and in Models 
and Data for the Repository System. The rates are judged to be cautious. For example, 
according to Section 2.5.4 of SKB (2010c), the corrosion of steel and nickel-based 
alloys will take place over thousands of years. The degradation rates are assumed to be 
maintained until the fuel matrix is fully dissolved and the structural materials fully 
corroded. Congruent release of radionuclides to the water in the internal void space of 
the canister is assumed to occur during degradation. Release rates of radionuclides are 
obtained by multiplying the nuclide-specific activities of the fuel matrix, zirconium-
based materials and other metal parts by their respective degradation rates. 

6.4.3 Solubility limitation and speciation 

If the concentration of a dissolved element in the internal void space of the canister, 
summed over all its isotopes, exceeds its solubility limit, then precipitation is assumed 
to occur. Separate solubility limits have been derived for model porewaters in the 
internal void space of the canister, the buffer and the backfill on the basis of brackish 
groundwater, as well as for other reference and bounding groundwater types (see 
Section 5.4 and, for further details, Models and Data for the Repository System and 
Wersin et al. 2012a, b). However, to simplify the radionuclide release, retention and 
transport analysis, the same solubility limits have been applied in all three parts of the 
near-field model domain. These are chosen on the basis of the following principles. 

1. Elements not having isotopes produced by radioactive ingrowth 

The highest concentrations of these elements will be present in the internal void space 
of the canister. Thus, if the solubility limits in the buffer or backfill are not significantly 
lower than those in the internal void space of the canister, concentrations in the buffer or 
backfill will never reach the solubility limits. Solubility limitation of concentration will 
thus only occur in the internal void space of the canister, and solubility limits in the 
buffer and backfill can be set to the same values as in the internal void space of the 
canister without affecting the results. On the other hand, if the canister interior solubility 
limit is the highest, it is cautious to use this value for the buffer and backfill as well, 
assuming any precipitates formed in the buffer and backfill remain immobile. 
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2. Elements having isotopes produced by radioactive ingrowth 

For these elements, it is cautious to use the highest value among those for the canister 
interior, buffer and backfill in all three parts of the near-field domain, again assuming 
any precipitates formed in the buffer and backfill remain immobile. 

Reference-case solubility limits as well as those derived for the internal void space of 
the canister, buffer and backfill are given in Table 6-7. These are based on the oxidation 
states and speciation for the internal void space of the canister, buffer and backfill given 
in Table 6-1. 

Table 6-7. Solubility limits used throughout the near field, and the solubility limits for 
the internal void space of the canister, buffer and backfill from which they are derived. 
“Unlimited” indicates that no solubility limit is applied in radionuclide release, 
retention and transport calculations. Values selected for the Reference Case are 
highlighted in pink.  

Element 

Solubility limits [mol/L] 

Canister 
internal void 
space 

Buffer Backfill Reference case 

Ag 5.10E-06 1.40E-05 1.02E-05 5.10E-06 

Am 6.00E-06 6.30E-06 1.12E-05 1.12E-05 

Be 4.39E-06 5.99E-06 5.71E-06 4.39E-06 

C  Unlimited 

Cl  Unlimited 

Cm 6.00E-06 6.30E-06 1.12E-05 6.00E-06 

Cs  Unlimited 

I  Unlimited 

Mo 2.40E-06 3.70E-08 4.68E-08 2.40E-06 

Nb 1.90E-07 1.50E-07 1.47E-07 1.90E-07 

Ni 8.30E-04 1.50E-03 1.73E-03 8.30E-04 

Np 1.00E-09 1.00E-09 1.01E-09 1.01E-09 

Pa 1.00E-08 1.00E-08 1.00E-08 1.00E-08 

Pd 3.90E-06 3.90E-06 3.83E-06 3.90E-06 

Pu 4.30E-10 5.70E-09 6.32E-09 6.32E-09 

Ra 6.70E-11 4.80E-11 3.24E-11 6.70E-11 

Se 5.90E-11 4.30E-10 2.79E-10 5.91E-11 

Sm 3.60E-07 5.30E-07 7.16E-07 3.60E-07 

Sn 6.30E-08 5.90E-08 5.84E-08 6.30E-08 

Sr 7.40E-04 6.70E-04 3.55E-04 7.40E-04 

Tc 3.90E-09 3.80E-09 3.78E-09 3.90E-09 

Th 4.20E-09 3.60E-09 3.49E-09 4.20E-09 

U 2.40E-08 3.70E-09 3.81E-09 2.40E-08 

Zr 1.80E-08 1.40E-08 1.72E-08 1.80E-08 
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6.4.4 Radionuclide transport through the defect 

Radionuclides and stable isotopes are assumed to migrate through the defect from the 
internal void space of the canister to the buffer by aqueous diffusion. As noted in the 
general description of the Reference Case at the start of this chapter, the defect is 
assigned a diameter of 1 mm and is modelled as being water-filled at all times. The 
properties of the defect are assumed not to change with time. A diffusion coefficient of 
1.0·10-9 m2/s is assumed for all migrating species within the defect. 

6.5 Buffer and backfill 

Radionuclides and stable isotopes are also assumed to migrate through the buffer and 
backfill by aqueous diffusion. Solubility limitation and retardation of migration by 
sorption on mineral surfaces are taken into account. The same solubility limits are used 
as for the internal void space of the canister (Table 6-7, right-most column). The buffer 
is assigned a grain density of 2760 kg/m3 and a total porosity of 0.43. For the backfill, 
the corresponding values are 2780 kg/m3 and 0.38. The porosity accessible to diffusing 
species is equal to the total porosity, except for anions, where anion exclusion is 
assumed to result in a lower accessible porosity of 0.08 in the buffer and 0.07 in the 
backfill. The background to these parameter values is described in Models and Data for 
the Repository System. 

Near the interface with the host rock, buffer and backfill porewaters are likely to have 
transitional compositions between those of the bulk of the buffer and backfill and that of 
the groundwater. Applying near-field solubilities at the interface rather than geosphere 
solubilities is, however, expected to have negligible impact, or to err on the side of 
caution. In cases where the geosphere solubility of an element is higher than the near-
field solubility, near-field releases are unaffected by applying the near-field solubility 
limits at the interface. In cases where the geosphere solubility of an element is lower 
than the near-field solubility, near-field releases will tend to be higher if near-field 
rather than the geosphere solubility limits are applied at the interface − i.e. the 
assumption is cautious. Furthermore, applying (a lower) geosphere solubility at the 
interface could lead to an under-estimation of near-field releases, since it implies that 
any precipitates formed at the interface because geosphere solubility limits are exceeded 
would be immobile, whereas, in reality, they could form mobile, intrinsic colloids. 
Applying the near-field solubility limits at the interface is equivalent to assuming 
cautiously that any such precipitates are mobilised as colloids, but redissolve a short 
distance into the geosphere as a result of dilution.  

Effective diffusion and distribution coefficients have been derived for the buffer and the 
backfill on the basis of the brackish water assumed in the Reference Case, as well as 
other reference and bounding water types. Reference Case values are presented in Table 
6-8. The derivation of these parameter values is summarised in Section 5.4. 
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Table 6-8. Reference Case. Distribution coefficients (Kd) and effective diffusion 
coefficients (De) in the buffer and backfill.  

 

Kd[m3/kg] De[m
2/s] 

Buffer Backfill Buffer Backfill 

Ag 0 0 1.3E-10 9.0E-11 

Am 3.2E+01 1.8E+02 1.3E-10 9.0E-11 

Be 3.9E+01 5.5E+01 1.3E-10 9.0E-11 

C 0 0 1.3E-10 9.0E-11 

Cl 0 0 7.8E-12 7.4E-12 

Cm 3.2E+01 1.8E+02 1.3E-10 9.0E-11 

Cs 4.8E-02 6.1E-01 1.0E-09 9.5E-10 

I 0 0 7.8E-12 7.4E-12 

Mo 2.1E-02 1.9E-02 1.3E-10 9.0E-11 

Nb 5.4 3 1.3E-10 9.0E-11 

Ni 2.4E-01 1.5 1.3E-10 9.0E-11 

Np 6.3E+01 1.1E+02 1.3E-10 9.0E-11 

Pa 8.1E+01 5.7E+01 1.3E-10 9.0E-11 

Pd 2.7E-01 2.0 1.3E-10 9.0E-11 

Pu 9.9E+01 1.9E+02 1.3E-10 9.0E-11 

Ra 1.4E-03 9.8E-04 1.3E-10 9.0E-11 

Se 0 0 7.8E-12 7.4E-12 

Sm 1.0E+01 4.9E+01 1.3E-10 9.0E-11 

Sn 5.0E+01 1.0E+02 1.3E-10 9.0E-11 

Sr 1.4E-03 9.8E-04 1.3E-10 9.0E-11 

Tc 6.3E+01 1.1E+02 1.3E-10 9.0E-11 

Th 6.3E+01 1.1E+02 1.3E-10 9.0E-11 

U 5.2E+01 1.1E+02 1.3E-10 9.0E-11 

Zr 6.3E+01 1.1E+02 1.3E-10 9.0E-11 

 

6.6 Geosphere 

The near-field release and transport model is conceptualised geometrically so that 
radionuclides enter the geosphere via three paths: the F-, DZ- and TDZ-paths. The 
radionuclides then migrate through the geosphere fracture network predominantly by 
advection, retarded by matrix diffusion and sorption. No solubility limits are applied in 
the geosphere. This is a cautious assumption given that groundwater composition is 
assumed to be constant in time in the Reference Case (no possibility of remobilisation 
of precipitated solids). However, radionuclide concentrations will in any case be 
substantially reduced by dilution due to mixing with groundwater in the fracture 
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network, and so solubility limits are unlikely to be reached except near the interface 
with the near field, the treatment of which is discussed in Section 6.5, above. 

Near-field flows for the Reference Case, based on the groundwater flow (ConnectFlow) 
modelling results for case ps_r0_5000 and for canister location 381 are given in Section 
6.2. Flow-related geosphere transport parameters are read directly by the geosphere 
transport code MARFA from the groundwater flow modelling results. The geosphere 
transport resistances for the F-, DZ- and TDZ-path are, respectively, 3.95·104 a/m, 
4.65·104 a/m and 3.76·104 a/m and are thus rather similar. The corresponding 
groundwater travel times are 18 years, 28 years and 25 years. It should be noted, 
however, that the transport parameters read by MARFA include portions of the 
ConnectFlow particle tracks that re-enter the near field. When these portions are taken 
into account, the groundwater travel times are about 20 years, 36 years and 33,000 
years, respectively − i.e. the groundwater travel time for the TDZ-path is significantly 
longer than the others, the effects of which are apparent in the results given in Section 
7.2. 

Sorption in the geosphere is assumed to occur predominantly on the surfaces of rock 
matrix pores and on the mineral surfaces of the clay layer partly coating some of the 
fracture surfaces. Hydrodynamic dispersion along the transport path is not accounted for 
in the Reference Case (the Peclet number is set to infinity), but is included in the Monte 
Carlo simulations, as described in Section 9.3.  

For modelling purposes, planar layers parallel to the fracture surface are used to 
describe the fracture coatings and varying properties of the rock matrix adjacent to the 
fracture. The number and properties of these layers vary depending on the transport 
class to which a specific fracture belongs (see Section 3.4). The transport classes are: 

 clay (and possibly sulphide) coated fractures; 

 calcite (and possibly clay and sulphide) coated fractures; 

 slickensided fractures; and 

 other fractures. 

Transport-related parameter values for each of the transport classes are shown in Tables 
6-9 to 6-12. 
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Table 6-9. Transport-related parameters for clay (and possibly sulphide) coated 
fractures. 

Parameter Units Element 

Layer (nearest to fracture to furthest from fracture) 

Illite and 
Kaolinite 

Alteration halo Unaltered rock 

Layer thickness m 

All 

2E-4 1E-2 3 

Grain density kg/m3 2700 

Porosity - 6E-2 4E-2 5E-3 

Effective 
diffusion 
coefficient 

m2/s 1E-12 7E-13 6E-14 

Distribution 
coefficient 

m3/kg 

Ag 0 0 0 

Am 2.5E+02 1.5E-01 1.5E-01 

Be 1.8E+02 5.5E-03 5.5E-03 

C 0 0 0 

Cl 0 0 0 

Cm 2.5E+02 1.5E-01 1.5E-01 

Cs 2.0E-03 5.4E-02 5.4E-02 

I 0 0 0 

Mo 1.5E-02 3.0E-04 3.0E-04 

Nb 4.5E+00 4.2E-01 4.2E-01 

Ni 6.5E-01 5.5E-03 5.5E-03 

Np 2.0E+01 4.0E-01 4.0E-01 

Pa 6.0E+01 2.2E-02 2.2E-02 

Pd 6.5E-01 5.5E-03 5.5E-03 

Pu 2.5E+02 1.5E-01 1.5E-01 

Ra 3.4E-03 3.0E-03 3.0E-03 

Se 0 0 0 

Sm 2.5E+02 1.5E-01 1.5E-01 

Sn 1.5E+02 5.0E-01 5.0E-01 

Sr 3.4E-03 3.0E-05 3.0E-05 

Tc 2.0E+01 4.0E-01 4.0E-01 

Th 2.0E+01 4.0E-01 4.0E-01 

U 1.3E+01 1.6E-02 1.6E-02 

Zr 2.0E+01 4.0E-01 4.0E-01 
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Table 6-10. Transport-relevant parameters for calcite (and possibly clay and sulphide) 
coated fractures. 

Parameter Units Element 

Layer (nearest to fracture to furthest from fracture) 

Calcite (and 
Sulphides) 

Alteration halo Unaltered rock 

Layer thickness m 

All 

2E-4 5E-3 3 

Grain density kg/m3 2700 

Porosity - 6E-2 2E-2 5E-3 

Effective 
diffusion 
coefficient 

m2/s 1E-12 3E-13 6E-14 

Distribution 
coefficient 

m3/kg 

Ag 0 0 0 

Am 0 1.5E-01 1.5E-01 

Be 0 5.5E-03 5.5E-03 

C 0 0 0 

Cl 0 0 0 

Cm 0 1.5E-01 1.5E-01 

Cs 0 5.4E-02 5.4E-02 

I 0 0 0 

Mo 0 3.0E-04 3.0E-04 

Nb 0 4.2E-01 4.2E-01 

Ni 0 5.5E-03 5.5E-03 

Np 0 4.0E-01 4.0E-01 

Pa 0 2.2E-02 2.2E-02 

Pd 0 5.5E-03 5.5E-03 

Pu 0 1.5E-01 1.5E-01 

Ra 0 3.0E-03 3.0E-03 

Se 0 0 0 

Sm 0 1.5E-01 1.5E-01 

Sn 0 5.0E-01 5.0E-01 

Sr 0 3.0E-05 3.0E-05 

Tc 0 4.0E-01 4.0E-01 

Th 0 4.0E-01 4.0E-01 

U 0 1.6E-02 1.6E-02 

Zr 0 4.0E-01 4.0E-01 
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Table 6-11. Transport-relevant parameters for slickensided fractures. 

Parameter Units Element 

Layer (nearest to fracture to furthest from fracture) 

Slickensided 
surfaces 

Alteration halo Unaltered rock 

Layer thickness m 

All 

2E-3 3E-3 3 

Grain density kg/m3 2700 

Porosity - 1E-2 5E-2 5E-3 

Effective 
diffusion 
coefficient 

m2/s 1E-13 1E-12 6E-14 

Distribution 
coefficient 

m3/kg 

Ag 0 0 0 

Am 0 1.5E-01 1.5E-01 

Be 0 5.5E-03 5.5E-03 

C 0 0 0 

Cl 0 0 0 

Cm 0 1.5E-01 1.5E-01 

Cs 0 5.4E-02 5.4E-02 

I 0 0 0 

Mo 0 3.0E-04 3.0E-04 

Nb 0 4.2E-01 4.2E-01 

Ni 0 5.5E-03 5.5E-03 

Np 0 4.0E-01 4.0E-01 

Pa 0 2.2E-02 2.2E-02 

Pd 0 5.5E-03 5.5E-03 

Pu 0 1.5E-01 1.5E-01 

Ra 0 3.0E-03 3.0E-03 

Se 0 0 0 

Sm 0 1.5E-01 1.5E-01 

Sn 0 5.0E-01 5.0E-01 

Sr 0 3.0E-05 3.0E-05 

Tc 0 4.0E-01 4.0E-01 

Th 0 4.0E-01 4.0E-01 

U 0 1.6E-02 1.6E-02 

Zr 0 4.0E-01 4.0E-01 
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Table 6-12. Transport-relevant parameters for other fractures. 

Parameter Units Element 
Layer 

Unaltered rock 

Layer thickness m 

All 

3 

Grain density kg/m3 2700 

Porosity - 5E-3 

Effective diffusion coefficient m2/s 6E-14 

Distribution coefficient m3/kg 

Ag 0 

Am 1.5E-01 

Be 5.5E-03 

C 0 

Cl 0 

Cm 1.5E-01 

Cs 5.4E-02 

I 0 

Mo 3.0E-04 

Nb 4.2E-01 

Ni 5.5E-03 

Np 4.0E-01 

Pa 2.2E-02 

Pd 5.5E-03 

Pu 1.5E-01 

Ra 3.0E-03 

Se 0 

Sm 1.5E-01 

Sn 5.0E-01 

Sr 3.0E-05 

Tc 4.0E-01 

Th 4.0E-01 

U 1.6E-02 

Zr 4.0E-01 

 

Different migrating species penetrate the matrix to different degrees, due to differences 
in their sorption and diffusion coefficients. For a computer code that solves matrix 
diffusion by spatially discretising the matrix, this could potentially lead to numerical 
problems, since the discretisation needed would vary between radionuclides. However, 
this is not the case for MARFA, which models matrix diffusion by applying a stochastic 
delay time for each visit to the matrix made by a migrating particle15. The fracture 
spacing imposes an upper bound to the spatial extent of matrix diffusion. In the 

                                                 

15 Neither is it the case for the GoldSim transport module, which uses a response function obtained from 
an analytical solution to the transport equations for a delta-function near-field release in the Laplace 
transform domain, and convolutes this response function with the actual near-field release function. 
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Reference Case, the maximum depth of the rock matrix (layer thickness of unaltered 
rock in Tables 6-9 to 6-12) is set to 3 m, based on the typical spatial frequency of 
flowing fractures at the repository depth (Table 10-3 in Hartley et al. 2012a; for further 
discussion see Models and Data for the Repository System). 
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7 ANALYSIS OF THE REFERENCE CASE 

This chapter describes the results of the analysis of the Reference Case. Calculated near-
field release rates are given in Section 7.1 and geosphere release rates in Section 7.2. 
Compliance of the Reference Case with the regulatory geo-bio flux constraints is 
discussed in Section 7.3. Finally, Section 7.4 provides a summary of the analysis of the 
Reference Case. 

7.1 Near-field release rates 

Figure 7-1 shows the calculated evolution of the total radionuclide release rate from the 
repository near field to the geosphere in the Reference Case, summed over the F-, DZ- 
and TDZ-paths. It also shows the evolution of release for the five radionuclides making 
the greatest contributions to the total: C-14, Cl-36, I-129, Cs-135 and Ni-59. 

The peak release occurs at about 4500 years after repository closure and is dominated 
by C-14. At later times, the contribution of C-14 to the total decreases due to radioactive 
decay, and the total release is then dominated first by Cl-36 and later by Cs-135 and 
I-129. 

 

 

Figure 7-1. Evolution of the total radionuclide release rate from the repository near 
field to the geosphere, summed over the F-, DZ- and TDZ-paths, and the evolution of 
release rates of C-14, Cl-36, I-129, Cs-135 and Ni-59, which are the five radionuclides 
making the greatest contributions to the total. 
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Figure 7-2 shows the contributions of the F-path, the DZ-path and the TDZ-path to the 
summed release from the near field. The F-path dominates the near-field release at all 
calculated times. The contributions from the DZ-path and TDZ-path are, in general, 
quite similar to each other, and are less than that of the F-path generally by around one 
to two orders of magnitude. The increase in release rate via the TDZ-path that occurs 
after a few hundreds of thousands of years is attributable mainly to the breakthrough of 
Cs-135 along this path.  

 

 

Figure 7-2. Evolution of the total radionuclide release rate from the repository near 
field to the geosphere, summed over the F-, DZ- and TDZ-paths, and the evolution of 
releases via each of these three paths. 
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7.2 Geosphere release rates 

Figure 7-3 shows the evolution of the total radionuclide release from geosphere to the 
surface environment, summed over the F-, DZ- and TDZ-paths. It also shows the 
evolution of release for the five radionuclides making the greatest contributions to the 
total: C-14, Cl-36, I-129, Cs-135 and Ni-59. The total radionuclide release from the 
geosphere and the contributions of C-14, Cl-36 and I-129 are not greatly changed 
compared with the near-field releases shown in Figure 7-2. Note that these 
radionuclides are non-sorbing in the Reference Case. The main difference when 
comparing the near-field and geosphere releases is that Cs-135, which is sorbing in both 
the near field and geosphere, and is substantially delayed and attenuated during 
geosphere transport.  

 

 

Figure 7-3. Evolution of the total radionuclide release rate from the geosphere to the 
surface environment, summed over the F-, DZ- and TDZ-paths, and the evolution of 
release rates of C-14, Cl-36, I-129, Cs-135 and Ni-59, which are the five radionuclides 
making the greatest contributions to the total. Note: the oscillations in the curve for I-
129 arise from the numerical solution technique used by MARFA, whereby particles 
representing the radionuclides are advanced along a pathway using deterministic 
spatial displacements and random transit times for each step (see Appendix A, Section 
A.2.2). Similar oscillations are observed in some of the curves in later figures of this 
report. The oscillations can be reduced by increasing the particle numbers used.  
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The limited role of the geosphere in attenuating the peak release rate of C-14 is related 
to the cautiously selected location of the deposition hole containing the defective 
canister. The defective canister is, in reality, equally likely to be emplaced in any of the 
deposition holes accepted for emplacement. As discussed further in the next chapter, a 
defective canister emplaced at any other deposition holes would give rise to far lower C-
14 peak release rates, since geosphere transport would be sufficiently slow for 
substantial decay of this radionuclide to occur (see, in particular, Chapter 8, Figure 8-6). 
On the other hand, the long half lives of Cl-36 and I-129 means that peak releases of 
these radionuclides is much less sensitive to the selection of deposition hole. 

Figure 7-4 shows the evolution of both near-field and geosphere release rates via the F-
path, the DZ-path and the TDZ-path. The F-path dominates both the near-field release 
and the geosphere release at all calculated times. Releases via the F-path and via the 
DZ-path undergo little delay and attenuation during geosphere transport. By contrast, 
the peak release from the geosphere via the TDZ-path is reduced by about 2 orders of 
magnitude compared with the near-field release from the tunnel. As described in 
Section 6.6, the groundwater travel time for the TDZ-path is significantly longer than 
those of the F- and DZ-paths if portions of the path that re-enter the near field are 
included. 

 

 

Figure 7-4. Evolution of the radionuclide release rates from the repository near field to 
the geosphere and from the geosphere to the biosphere via the F-, DZ- and TDZ-paths. 
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7.3  Comparison with regulatory constraints 

Figure 7-5 shows the normalised near-field and geosphere activity release rates for the 
Reference Case, summed over all calculated radionuclides. For each radionuclide, the 
normalised nuclide-specific release rate is a dimensionless quantity defined as the 
activity release rate of that nuclide divided by the respective nuclide-specific release 
constraint for that nuclide, as given by Table 2-1. For the period beyond the dose 
criteria time window (taken to be 10,000 years in this and similar figures), the peak 
normalised activity release rate, summed over all radionuclides, should be less than one 
in order to satisfy the regulatory constraint on the overall release rate of activity from 
the geosphere to the environment described in Section 2.1.1 (termed the regulatory geo-
bio flux constraint in this and other figures). 

The maximum normalised release rate occurs during the dose criteria time window and 
is a little over 10-4, i.e. around four orders of magnitude below the regulatory geo-bio 
constraint. Beyond this time window, the regulatory constraint is satisfied by a margin 
of around four to six orders of magnitude. There is little attenuation of release rates 
during geosphere transport, as noted in the discussion of geosphere release rates.  

 

Figure 7-5. Evolution of the near-field and geosphere release rates, with the release 
rates for each radionuclide normalised with respect to the regulatory nuclide-specific 
constraints for radioactive releases to the environment. 
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7.4 Summary of the analysis 

This chapter has described the results of the analysis of the Reference Case. The peak 
activity releases from the near field and from the geosphere occur at about 4500 years 
after repository closure and are dominated by C-14. At later times, the activity releases 
are dominated first by Cl-36 and later by I-129 and, in the case of the near field, Cs-135. 
Cs-135, which sorbs in both the near field and geosphere, is substantially delayed and 
attenuated during geosphere transport, whereas C-14, Cl-36 and I-129 are not. The 
limited role of the geosphere in attenuating the peak release of C-14 is related to the 
cautiously selected location of the deposition hole containing the defective canister; 
most other potential locations for the defective canister would give much lower C-14 
peak releases, as demonstrated in the next chapter. The peak normalised release rate 
occurs during the dose criteria time window, and is around four orders of magnitude 
below the regulatory geo-bio flux limit. The F-path is the dominant transport pathway.  

Since releases occur within the dose criteria time window, the results of the Reference 
Case are propagated to the dose assessment documented in Biosphere Assessment.  

  



153 

 

8 ANALYSIS OF SENSITIVITY CASES FOR THE BASE SCENARIO 

This chapter describes the analysis of various sensitivity cases for the repository system 
base scenario that make use of alternative model representations and parameter value 
selections compared with the Reference Case. Section 8.1 presents an analysis of the 
variability of release rates of three key radionuclides between potential locations for a 
canister with an initial penetrating defect within the repository, as well as a more 
detailed analysis of sensitivity cases BS-LOC1 and BS-LOC2, which consider two 
specific alternative locations (the possibility of more than one deposition hole 
containing canisters with initial penetrating defects is considered in Section 9.2). 
Section 8.2 presents case BS-ANNFF, which considers alternative radionuclide 
speciation in the near field and in the geosphere. Section 8.3 presents case BS-TIME, 
which considers a longer time being needed before a transport path is established 
between the internal void space of the canister and the canister exterior compared with 
the Reference Case. Finally, a summary of the analysis of sensitivity cases for the base 
scenario is given in Section 8.4.  

8.1  Alternative locations for the defective canister 

8.1.1 Variability in the release rates between canister locations 

In the Reference Case, the deposition hole in which the defective canister is assumed to 
be emplaced is cautiously selected. However, a canister with an initial penetrating 
defect may be located with equal probability in any of the repository deposition holes 
that are accepted for disposal. To explore the sensitivity of radionuclide releases to the 
location of a failed canister within the repository, GoldSim/MARFA calculations have 
been performed for all potential canister locations considering three key radionuclides, 
I-129, Cl-36 and C-14. The locations of the failed canister in the sensitivity cases BS-
LOC1 and BS-LOC2 are based on these calculations, as is the Reference Case canister 
location, as described in Section 6.2. These calculations are described in the following 
paragraphs, after which the analyses of BS-LOC1 and BS-LOC2 are presented. 

It should be noted that the number of potential deposition hole locations considered in 
the GoldSim/MARFA calculations is 5391, some of which are likely to be discarded on 
the basis of RSC criteria (see Section 4.2.4). There are only 4500 canisters to be 
disposed of. In the following analysis, however, it is assumed that all 5391 locations 
may be used for disposal. 

As in the Reference Case, three potential near-field and geosphere transport paths from 
a failed canister to the surface environment are considered for each deposition hole:  

 from the buffer through the damaged zone to a host-rock fracture intersecting a 
deposition hole (the F-path); 

 from the buffer through the damaged zone to the deposition tunnel EDZ (the DZ-
path); and 

 from the buffer to the deposition tunnel backfill and thence to a fracture intersecting 
the deposition tunnel (the TDZ-path).  
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Also as in the Reference Case, the calculations are, for the most part, based on 
groundwater flow modelling case ps_r0_5000, i.e. realisation r0 of the geosphere 
discrete fracture network (DFN), with the flow situation modelled for the year 
5000 AD. Statistical variability over other DFN realisations and the effects of evolving 
boundary conditions between 2000 AD and 5000 AD are discussed in Section 6.2. 
Other parameter values used are the same as those of the Reference Case.  

The distributions of maximum near-field and geosphere activity release rates, calculated 
using flow-related transport parameters for each deposition hole in ps_r0_5000 and 
summed over the three radionuclides, are shown in Figures 8-1 and 8-2. Figure 8-1 
considers releases summed over the F-, DZ- and TDZ-paths. Distributions for each path 
are shown separately in Figure 8-2. The figures show the attenuation of releases that 
occurs during geosphere transport. The figures also show that near-field release rate 
maxima are spread over a relatively narrow range, but that the geosphere release rate 
maxima show more variability between deposition holes. The TDZ-path gives lower 
release rate maxima than the F- and DZ-paths. The maximum geosphere release rate 
originating from the Reference Case deposition hole is near the upper end of the 
distribution, as expected due to the cautiousness of the selection of the Reference Case 
deposition-hole location. 

 

Figure 8-1. Distributions of maximum near-field (NF) and geosphere (FF) activity 
release rates for each deposition hole (DH), summed over the three radionuclides and 
the three types of transport path. The dashed line indicates the maximum geosphere 
release rate originating from the Reference Case deposition hole. No RSC criteria 
applied.  
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Figure 8-2. Distributions of maximum near-field (NF) and geosphere (FF) activity 
release rates for each deposition hole (DH) via the F-, DZ- and TDZ-paths, summed 
over the three radionuclides. The dashed line indicates the maximum geosphere release 
rate originating from the Reference Case deposition hole. No RSC criteria applied.  
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Figure 8-3 shows radionuclide-specific distributions of the maximum activity release 
rates from the geosphere via the F-paths. The highest release rate maxima, and the 
broadest range of maxima, occur in the case of C-14. The wide range of maxima is due 
to the relatively short half-life of C-14, which means that there is substantial attenuation 
of releases due to radioactive decay during geosphere transport along the slower 
transport paths. The half-life of C-14 is 5700 years, compared with 301,000 years for 
Cl-36 and 15.7 million years for I-129. 

 

 

Figure 8-3. Distributions of radionuclide-specific maximum activity release rates 
(source rates) from the geosphere between deposition holes (DHs) for the F-path. The 
dashed lines indicate the maximum geosphere release rates of each radionuclide 
originating from the Reference Case deposition hole (DH 381). No RSC criteria 
applied.  
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The highest release rate maxima are associated mainly with the F-path, and, to a lesser 
extent, the DZ-path, as illustrated by Figure 8-4. The highest maxima, which are those 
for C-14, occur at a few thousand years in the future, with lower maxima occurring at 
later times. Again, this can be attributed to the half-life of C-14, which decays 
substantially during transport if the transport time through the geosphere exceeds a few 
thousand years. The figure also shows that deposition holes giving the very highest 
release rates are excluded if the 0.1 litres per minute initial inflow rock suitability 
classification (RSC) criterion is applied. As expected, the highest maxima are also 
associated with the smallest geosphere transport resistances, as illustrated by Figure 8-5. 
This association is especially pronounced in the case of C-14, due to the substantial 
decay during geosphere transport that occurs with larger values of the geosphere 
transport resistance. 

 

 

Figure 8-4. Radionuclide-specific maximum release rates from the geosphere, plotted 
as a function of time of these maxima. F-path (blue), DZ-path (red) and TDZ-path 
(green). The dashed lines indicate the maximum geosphere release rate originating 
from the Reference Case deposition hole (DH 381) and the time of this maximum. For 
C-14, different styles of symbol are used to distinguish deposition holes where the 0.1 
litres per minute initial inflow criterion is satisfied and those where it is not.  
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Figure 8-5. Radionuclide-specific maximum release rates plotted as a function of 
geosphere transport resistance, WL/Q. F-path (blue), DZ-path (red) and TDZ-path 
(green). The dashed lines indicate the maximum geosphere release rate originating 
from the Reference Case deposition hole (DH 381) and the value of WL/Q for this 
maximum. The symbols used are the same as those in Figure 8-4. 

 

Figure 8-6 shows the maximum geosphere release rates of C-14 and I-129 as a function 
of location of the failed canister in the repository. Again, the figure shows that the 
variation between canister locations is much more pronounced in the case of C-14, with 
the locations shown in red indicating the starting position of geosphere transport paths 
with the lowest geosphere transport resistances, along which C-14 decays relatively 
little.  
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Figure 8-6. Maximum geosphere release rates of C-14 (upper figure) and I-129 (lower 
figure) as a function of location of the failed canister in the repository. No RSC 
criterion applied. The Reference Case location (381) is indicated by the black circles. 
The colour scales on the right-hand side indicate activity release rates in Log10 (Bq/a). 
Length scales are in metres.  
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8.1.2 Calculation cases for alternative locations and modelling approach 

Cases BS-LOC1 and BS-LOC2 consider alternative locations for a canister with an 
initial penetrating defect within the repository. Repository system model assumptions 
and parameter values for calculating these cases are identical to those of the Reference 
Case, except for flow-related transport parameters that are specific to the deposition 
hole in which the defective canister is assumed to be located. The deposition holes 
chosen as alternatives to the Reference Case location of the defective canister are 
positions 2418 (BS-LOC1) and 3829 (BS-LOC2). Like the Reference Case location, 
these are cautiously selected with respect to peak release rates to the surface 
environment. However, their discharge locations at the surface are markedly different 
from the Reference Case, as discussed further in the following. The main issue 
investigated with these cases is the effect of discharge location in the surface 
environment on the dose assessment described in Biosphere Assessment. 

Figure 8-7 shows the deposition holes and corresponding discharge points via the F-
path of the twenty deposition holes that are ranked highest in terms of the performance 
measure R1 described in Section 6.2. Those deposition holes satisfying the rock 
suitability criteria are shown in green, except for the Reference Case location (position 
381) and its corresponding discharge point, which are shown in purple. 
Locations/discharge points not satisfying the 0.1 litres per minute initial inflow criterion 
are shown in blue, whereas orange indicates locations that are excluded on the basis that 
they are intersected by large deformation zones (i.e. application of full perimeter 
intersection criterion, FPC = 2, in the figure key).  

 

Figure 8-7. Twenty canister positions ranked highest in terms of the performance 
measure R1 (small discs) and the corresponding discharge locations to the surface 
environment via their F-paths (large discs). Rankings shown in the legend are based on 
the performance measure R1. Positions 3829 and 2418 (ranked 42 and 77, respectively) 
are also shown (as bold-outlined discs), along with their corresponding discharge 
points. 
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Releases in the Reference Case discharge to locations that are currently under the sea 
off the present-day northern coast of Olkiluoto. The figure shows that this is also true 
for some of the other deposition-hole locations that are highly ranked on the basis of 
radionuclide release rates from the geosphere. The evaluation of dose is, however, 
affected not only by the release rates to the geosphere, but also by the characteristics of 
the surface environment to which discharge occurs. It is therefore of interest to also 
consider cases where a defective canister is located at a position where any released 
radionuclides will be transported towards a markedly different area. 

Positions 3829 and 2418, shown in the figure together with their corresponding 
discharge points as bold-outlined discs, are among the highest ranked16 positions that 
satisfy the rock suitability classification (RSC) criteria and also discharge to locations 
off the present-day southern coast of the island, rather than the northern coast. In fact, 
the highest ranked positions satisfying these conditions are 3829 and 3803, but these are 
very similar in terms of both location and discharge point. Position 2418 is the next 
highest ranked, and is located in a different repository panel to 3829 and 3803. Given 
that the aim of analysing cases BS-LOC1 and BS-LOC2 is mainly to assess the effects 
on dose of differences in the discharge location, positions 3829 and 2418 are chosen for 
these sensitivity cases. All repository system model assumptions and parameter values 
other than the location of the defective canister are identical to those of the Reference 
Case. 

8.1.3 Model parameters 

Near-field flow-related parameter values for deposition holes 2418 and 3828, taken 
from the DFN modelling results for case ps_r0_5000, are shown in Table 8-1, and 
compared with those of the Reference Case.  

 

Table 8-1. Near-field flow-related parameter values for the Reference Case (RC) and 
for sensitivity cases addressing alternative locations for the failed canister. L is the 
horizontal distance along the deposition tunnel from the deposition hole to the 
downstream fracture to which radionuclides following the TDZ-path are assumed to be 
released.  

Deposition 
hole 

QF 
[m3/a] 

QDZ 
[m3/a] 

QF + QDZ 
[m3/a] 

QTDZ 
[m3/a] 

qTDZ 
[m/a] 

L 
[m] 

381 (RC) 6.14·10-3 2.69·10-4 6.41·10-3 2.39·10-3 2.65·10-5 5.84 

2418 (LOC1) 4.19·10-3 1.81·10-3 6.00·10-3 2.15·10-4 8.11·10-5 2.01 

3829 (LOC2) 5.56·10-3 8.70·10-4 6.43·10-3 1.73·10-3 4.13·10-5 7.49 

 

                                                 

16 The ranking referred to here is based on the flow fields at 2000 AD and 5000 AD. Rankings vary 
between these two cases and the approach taken was to sum the ranks obtained using the two flow fields. 
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According to the PSA presented in Chapter 9, the most sensitive of these parameters for 
near-field release is QF + QDZ. This is similar in the alternative locations and in the 
Reference Case, although the value for BS-LOC1 is somewhat smaller. Only small 
reductions in near-field release rates compared with those of the Reference Case are 
therefore expected. 

The geosphere transport resistances for the F-, DZ- and TDZ-paths, summed over the 
various retention types, are shown in Table 8-2. The geosphere transport resistances are 
similar in all three cases, although those for position 3829 are higher than those for the 
Reference Case position 381 and those for position 2418 are higher than those for 
position 3829. 

8.1.4 Radionuclide release rates 

Figure 8-8 shows the evolution of near-field and geosphere release rates in cases BS-
LOC1 and BS-LOC2, and compares them with the Reference Case. The release rates 
are similar in all three cases, as expected on the basis of the flow-related transport 
parameters described in the previous section. The release rates for BS-LOC2 and for the 
Reference Case are especially close, as expected from the similarity in the equivalent 
near-field flow QF + QDZ in the two cases. As in the Reference Case, C-14 dominates 
the peak near-field and geosphere release rates. Also as in the Reference Case, the 
release rates of the key radionuclides C-14, I-129 and Cl-36 are little attenuated during 
geosphere transport. The limited role of the geosphere in attenuating the peak release of 
C-14 is related to the cautiously selected locations of the deposition hole containing the 
defective canister in these cases; most other potential locations for the defective canister 
would give much lower C-14 peak releases, as shown in Figure 8-6. 

 

Table 8-2. Geosphere transport resistances (WL/Q) for the Reference Case (RC) and 
for sensitivity cases addressing alternative locations for the failed canister in positions 
LOC1 and LOC2. WL/Q values are summed over the different types of water-
conducting features along the paths (transport classes). 

Deposition 
hole 

WL/Q for F-path 
[a/m] 

WL/Q for DZ-path 
[a/m] 

WL/Q for TDZ-path 
[a/m] 

381 (RC) 3.95·104 4.65·104 3.76·104 

2418 (LOC1) 1.14·105 4.05·105 1.81·105 

3829 (LOC2) 4.35·104 8.76·104 6.22·104 
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In cases BS-LOC1 and BS-LOC2, as in the Reference Case, the greatest contribution to 
geosphere release is via the F-path, with the contribution of the other paths being an 
order of magnitude or more smaller. BS-LOC2 gives an earlier and slightly higher peak 
geosphere F-path release compared with BS-LOC1, even though the peak near-field 
releases are similar in the two cases. This is attributable to the lower geosphere transport 
resistance in case BS-LOC2 compared with BS-LOC1. For the DZ- and TDZ-paths, 
however, BS-LOC1 gives earlier and higher peak releases. This is attributable to the 
higher equivalent near-field flow, QDZ, and water flux, qTDZ, in case BS-LOC1 and also 
to the shorter transport distance in the deposition tunnel in this case. 

8.1.5 Comparison with regulatory constraints 

Figure 8-10 shows the geosphere release rates in cases BS-LOC1 and BS-LOC2 and in 
the Reference Case, with the release rates for each radionuclide normalised with respect 
to the regulatory nuclide-specific constraints for radioactive releases to the environment 
(Table 2-1). 

 

 

Figure 8-10. Evolution of the geosphere release rates for cases BS-LOC1, BS-LOC2 
and the Reference Case (BS-RC), with the release rates for each radionuclide 
normalised with respect to the regulatory nuclide-specific constraints for radioactive 
releases to the environment. 
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In all these cases, the maximum normalised release rate occurs during the dose criteria 
time window, and is around 10-4. Beyond this time window, the regulatory protection 
constraint is satisfied by a margin of around four to six orders of magnitude.  

8.2  Alternative speciation 

8.2.1 Calculation cases and overall modelling approach 

In radionuclide release, retention and transport modelling, anions are assumed to diffuse 
without retardation by sorption through accessible pore space in the buffer and backfill, 
although the rate of diffusion is reduced compared with other migrating species due to 
anion exclusion. Anionic form thus affects the accessible porosity, effective diffusion 
coefficients and distribution coefficients assigned to migrating species in the near field 
Anion exclusion in the geosphere is not considered explicitly for the reasons given in 
Section 5.3; see, however, the bounding calculation presented in Section 9.8.2. In the 
Reference Case, the only radionuclides considered to migrate in anionic form are I-129, 
Cl-36 and Se-79. Among these, I-129 and Cl-36 in particular are key contributors to the 
total near-field and geosphere releases in the Reference Case. There are, however, 
uncertainties in the speciation of these and other radionuclides. A single calculation 
case, BS-ANNFF, is thus analysed to illustrate the impact of these uncertainties and, in 
particular, the possibility that other radionuclides, namely the radioisotopes of silver, 
molybdenum and niobium, may be present in anionic form in the repository system, 
along with anionic I-129, Cl-36 and Se-79. The rationale for the treatment of silver, 
molybdenum and niobium isotopes as anions in this calculation case is elaborated in 
Formulation of Radionuclide Release Scenarios. The additional radionuclides 
considered to migrate as anions in BS-ANNFF are Ag-108m, Mo-93, Nb-91, Nb-92, 
Nb-93m and Nb-94. All repository system model assumptions unrelated to speciation 
are identical to those of the Reference Case. 

8.2.2 Model parameters 

The accessible porosity for Ag-108m, Mo-93, Nb-91, Nb-92, Nb-93m and Nb-94 in the 
buffer is reduced from 0.43 in the Reference Case to 0.08 in BS-ANNFF. In the 
backfill, the reduction is from 0.38 in the Reference Case to 0.07 in BS-ANNFF. Their 
effective diffusion coefficient in the buffer is reduced from 1.3·10-10 m2/s in the 
Reference Case to 7.8·10-12 m2/s in BS-ANNFF. In the backfill, the reduction is from 
9·10-11 m2/s in the Reference Case to 7.39·10-12 m2/s in BS-ANNFF. The distribution 
coefficient for these radioelements in the buffer, the backfill and the geosphere is 
assumed to be zero in BS-ANNFF. All other parameter values are identical to those of 
the Reference Case. 

8.2.3 Radionuclide release rates 

Figure 8-11 shows the evolution of near-field release rates, summed over the F-path, the 
DZ-path and the TDZ-path, in the Reference Case and in case BS-ANNFF. The 
contributions of Ag-108m, Mo-93, Nb-93m and Nb-94 are also shown. The maximum 
near-field release rates of Nb-92 and Nb-91 are very small, and do not appear in the 
graph. 

The assumption of anionic form generally increases the maximum release rates of these 
radionuclides because they are treated as non-sorbing, allowing less time during 
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transport for radioactive decay. Ag-108m is not greatly affected, since silver is assumed 
to be non-sorbing in both cases. Nevertheless, its release is spread over a somewhat 
shorter period in the case BS-ANNFF compared with the Reference Case, because of 
the assumption of anion exclusion, which reduces the extent to which it penetrates the 
upper and lower parts of the buffer. Nb-94 and Nb-93m maximum release rates increase 
significantly when niobium is assumed to migrate in anionic form. The different 
behaviour of these two isotopes of Nb in case BS-ANNFF arises from: 

 their different half lives (16 years in the case of Nb-93m, compared with 20,300 
years in the case of Nb-94), which means that the release of Nb-93m is controlled 
by the retention and transport properties of its parents, 

 production of Nb-93m by decay of its parents Zr-93 (with a half life of 1.5 million 
years) and Mo-93 (with a half life of 4000 years); and 

 the different partitioning of Nb-94 and of the parents of Mb-93m between fuel, 
zirconium alloy cladding and other metal parts. 

 

 

Figure 8-11. Evolution of the total radionuclide release rates from the repository near 
field to the geosphere, summed over the F-, DZ- and TDZ-paths, and the evolution of 
release of radionuclides that are considered to migrate in anionic form in case BS-
ANNFF, but not in the Reference Case (BS-RC). BS-ANNFF (solid lines), Reference 
Case (dashed lines). 
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Figure 8-12 shows evolution of near-field and geosphere release rates, summed over the 
F-, DZ- and TDZ- paths and over all calculated radionuclides, in the Reference Case 
and in case BS-ANNFF. The figure shows that the total near-field and geosphere release 
rates are not significantly affected by the different speciation considered in BS-ANNFF, 
i.e. geosphere release rates, like the near-field release rates (see also Figure 8-11), are 
virtually indistinguishable in the two cases. 

8.2.4 Comparison with regulatory geo-bio flux constraint 

When normalised with respect to the nuclide-specific constraints for radioactive releases 
shown in Table 2-1, the geosphere release rates in case BS-ANNFF are again virtually 
indistinguishable from those of the Reference Case. 

8.3  Delayed establishment of transport path from canister interior 

8.3.1 Calculation cases and overall modelling approach 

In the Reference Case, it is assumed to take 1000 years for water to penetrate the 
canister insert and fuel cladding and to contact the fuel and structural materials, and for 
a transport pathway to be established between the internal void space of the canister and 
the canister exterior. This is a cautious assumption. The time taken for water to contact 
 

 

Figure 8-12. Evolution of near-field and geosphere release rates, summed over the F-, 
DZ- and TDZ-paths and over all calculated radionuclides, in case BS-ANNFF and in 
the Reference Case (BS-RC). 
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the fuel, the zirconium alloy and other metal parts and for a transport pathway to be 
established between the internal void space of the canister and the canister exterior is 
influenced by the slow initial water ingress rate, and by other factors that will lead to a 
decrease in this ingress rate over time, namely the gradual build-up of an internal 
counter pressure due to hydrogen gas formation, as well as the barriers provided by the 
cast iron insert and the fuel cladding. In BS-TIME, the time taken to establish a 
transport pathway from the internal void space of the canister is extended to 5000 years, 
based on these considerations. Sensitivity to the start time for radionuclide release is 
also considered as part of the PSA presented in Chapter 9. 

8.3.2 Model parameters 

A 5000 year delay before a transport path is established between the internal void space 
of the canister and the canister exterior is adopted, compared with 1000 years in the 
Reference Case. All other model assumptions and parameter values are identical to 
those of the Reference Case. 

8.3.3 Radionuclide release rates 

Figure 8-13 shows evolution of near-field release rates via the F-path, the DZ-path and 
the TDZ-path in the Reference Case and in case BS-TIME. In addition to the later onset 
of release in case BS-TIME compared with the Reference Case, there is also some 
reduction in the peak release rates. This is mainly attributable to some decay of C-14 
(half-life 5700 years) before the time of peak release, which is around 10,000 years after 
disposal in case BS-TIME. 

 

Figure 8-13. Evolution of the radionuclide release rates from the near field via the F-, 
DZ- and TDZ-paths in the Reference Case and in case BS-TIME. 
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8.3.4 Comparison with regulatory constraints 

Figure 8-14 shows the overall geosphere release rates in case BS-TIME and in the 
Reference Case, with the release rates for each radionuclide normalised with respect to 
the regulatory nuclide-specific constraints for radioactive releases to the environment 
(Table 2-1). The maximum normalised release rate in case BS-TIME occurs during the 
dose criteria time window, and is a little less than 10-4.  

 

 

Figure 8-14. Evolution of the geosphere release rates for case BS-TIME and for the 
Reference Case (BS-RC), with the release rates for each radionuclide normalised with 
respect to the regulatory nuclide-specific constraints for radioactive releases to the 
environment. 
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8.4 Summary of the analysis 

This chapter has described the results of the analysis of various sensitivity cases that 
each represent alternative model representations of the repository system, falling within 
the scope of the base scenario. The sensitivity cases consider: 

 alternative locations for a canister with an initial penetrating defect within the 
repository (BS-LOC1 and BS-LOC2); 

 alternative radionuclide speciation in the near-field and in the geosphere, i.e. the 
possibility that silver, molybdenum and niobium radioisotopes will migrate in 
anionic form (BS-ANNFF);  

 a longer time being needed before a transport path is established between the 
internal void space of the canister and the canister exterior, i.e. 5000 years rather 
than 1000 years (BS-TIME). 

A canister with an initial penetrating defect may be located with equal probability in any 
of the repository deposition holes that are accepted for disposal. To explore the 
sensitivity of radionuclide releases to the location of a failed canister within the 
repository, calculations have been performed for all potential canister locations for the 
three example radionuclides, I-129, Cl-36 and C-14. The release of C-14, which is the 
radionuclide that dominates the peak release in the Reference Case, has been found to 
be highly sensitive to the location of the defective canister, due to the substantial decay 
of this radionuclide that occurs during geosphere transport along the slower transport 
paths. The defective canister locations for the Reference Case and for the sensitivity 
cases BS-LOC1 and BS-LOC2 have been shown to give C-14 releases towards the high 
end of the range of possibilities, justifying the statement that they are cautiously 
selected, at least from the point of view of radionuclide releases from the geosphere. 
Geosphere releases are similar in BS-LOC1, BS-LOC2 and in the Reference Case, as 
expected from the similarity in flow-related transport parameters. However, the 
discharge locations to the surface environment are different in BS-LOC1 and BS-LOC2 
compared with the Reference Case, and so need to be treated separately in the dose 
assessment reported in Biosphere Assessment.  

Figure 8-15 shows the overall geosphere release rates in all the sensitivity cases, with 
the release rates for each radionuclide normalised with respect to the regulatory nuclide-
specific constraints for radioactive releases to the environment (Table 2-1). The 
normalised geosphere release rates in the Reference Case are also shown for 
comparison. All the cases analysed give similar geosphere release rates (except for the 
delayed onset of release in BS-TIME). In BS-ANNFF, the assumption of anionic form 
increases the releases of some radionuclides, notably Mo-93, Nb-93m and Nb-94, but 
these are not major contributors to the overall release rates from the near field or 
geosphere. As in the Reference Case, the maximum normalised release rates in the 
sensitivity cases occur within the dose criteria time window and are around four orders 
of magnitude below the regulatory geo-bio flux constraint. Beyond the dose criteria 
time window, geosphere release rates are about four to six orders of magnitude below 
the constraint.  
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Figure 8-15. Evolution of the geosphere release rates in the Reference Case (BS-RC) 
and in all the base scenario sensitivity cases, with the release rates for each 
radionuclide normalised with respect to the regulatory nuclide-specific constraints for 
radioactive releases to the environment. 

 

Since releases occur within the dose criteria time window, the results of the sensitivity 
cases BS-LOC1, BS-LOC2, BS-ANNFF and BS-TIME are propagated to the dose 
assessment reported in Biosphere Assessment.  
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9 COMPLEMENTARY ANALYSES OF SENSITIVITIES AND 
UNCERTAINTIES IN THE BASE SCENARIO 

This describes further complementary analyses of the base scenario carried out to 
examine the sensitivity of the modelled system to parameter variations within the 
identified ranges of uncertainty and to alternative model assumptions. The sections of 
this chapter are structured as follows:  

 Section 9.1 presents the general approach adopted for the complementary analyses. 

 Section 9.2 discusses the likelihood and consequences of there being more than one 
canister with an initial penetrating defect in the repository; 

 Section 9.3 describes the Monte Carlo simulations performed for a single canister 
with an initial penetrating defect; 

 Section 9.4 describes the PSA carried out on the results of the Monte Carlo 
simulations; 

 Sections 9.5 to 9.8 discuss the findings of the PSA and of complementary 
calculations with respect to the spent nuclear fuel and canister, transport and 
retention in the deposition hole and tunnel, groundwater and porewater type and 
geosphere retention and transport; and 

 Section 9.9 provides a summary of the analyses reported in this chapter.  

 
9.1 General approach 

In the complementary analyses presented in this chapter, the analysis of the base 
scenario in previous chapters is broadened to examine further the sensitivity of the 
model results to alternative model assumptions and alternative parameter values within 
the ranges of parameter uncertainty, and to obtain a better understanding of the 
modelled system. All the calculations consider canister failure due to the presence of an 
initial, penetrating defect. The calculations include an examination of the effects of 
evolution of the initial penetrating defect, as well as the possibility that there is more 
than one canister present in the repository with such a defect.  

The analyses performed are both deterministic and probabilistic in nature. In general, 
sensitivity to parameter uncertainty is examined using probabilistic sensitivity analysis 
(PSA). Alternative model assumptions are addressed using both Monte Carlo 
simulations and deterministic calculations. Note that many uncertainties regarding 
groundwater flow are addressed in the context of groundwater flow modelling in 
Chapter 4. Most of these uncertainties are shown to have a minor influence on the 
statistical distributions of flow-related repository system parameter values between 
deposition holes and are therefore not propagated to radionuclide transport modelling. 
Exceptions are the uncertainties in the hydraulic significance of the damaged zone 
around the deposition holes and the properties of the deposition tunnel EDZs, the effects 
of which on transport are among the topics addressed in the present chapter. 

Only the main points from the Monte Carlo simulations and PSA are given in this 
chapter. A full description is given in Cormenzana (2012a, b). 
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9.2 Multiple canisters with initial penetrating defects 

Holmberg & Kuusela (2011) have estimated the probabilities, Pi, of there being i 
canisters with initial penetrating defects in the repository. The probabilities are 
presented in Table 9-1 and are used in the following analysis. Because of the limitations 
in the study by Holmberg & Kuusela (2011) outlined in Section 6.1, the findings of this 
analysis should only be viewed as illustrations of the possible impact of there being 
multiple canisters with initial defects present.  

Table 9-1 suggests that the assumption of there being even one canister with an initial 
penetrating defect in the repository is reasonably cautious. Furthermore, in the 
Reference Case, it is cautiously assumed that the defective canister is placed at a 
location that is unfavourable, in the sense that it leads to relatively high radionuclide 
release rates at the geo-bio interface. Nevertheless, there remains a small possibility of 
there being more than one canister with an initial penetrating defect in the repository, 
and one or more of these canisters could be unfavourably located.  

To illustrate the consequences of this possibility, the following quantities are evaluated 
for the three example radionuclides, I-129, Cl-36 and C-14:  

 The probability-weighted activity release rate from the geosphere for multiple 
realisations, where, in each realisation, the number of defective canisters and the 
associated probability are sampled from the probability distribution given in Table 
9-1, and these defective canisters are placed randomly in the repository (this 
quantity is also termed the expectation value of the release rate from multiple failed 
canisters); and 

 

Table 9-1. Probability of there being i canisters with initial penetrating defects in the 
repository. After Table 11, Column E of Holmberg & Kuusela (2011). 

i Pi 

0 9.2·10-1 

1 7.0·10-2 

2 1.0·10-2 

3 2.2·10-3 

4 5.7·10-4 

5 1.7·10-4 

6 5.7·10-5 

7 2.0·10-5 

8 6.7·10-6 

9 2.2·10-6 

10 6.7·10-7 

>10 2.6·10-7 
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 the probability that the activity release rate from multiple, randomly placed 
defective canisters exceeds the maximum activity release rate from the geosphere 
due to a single defective canister in the Reference Case.  

The quantities are derived using the results of GoldSim/MARFA calculations for all 
potential canister locations. These calculations are the same calculations that have 
already been described in Section 8.1.1 in the discussion of the variability of 
radionuclide release rates between canister locations. 

The first quantity is given by: 

∑ ,				 1,2,3, … ,10, . (Eq. 9.2-1) 

 [Bq/a] is the average activity release rate at a time t from i defective canisters 
randomly placed at different repository locations in the repository. M is the total number 
of potential locations for deposition holes in the repository. Since Pi has not been 
calculated for values of i greater than 10, it is cautiously assumed that, if more than 10 
canisters have initial penetrating defects, then all the canisters have initial penetrating 
defects, i.e. Pi = 0 for i = 11, 12, … M-1 and PM = Pi > 10, which is the total probability 
of there being more than ten canisters with initial penetrating defects, as given by the 
last row in Table 9-1. Also cautiously, all deposition holes are included when applying 
Equation 9.2-1, including those that do not pass the RSC inflow criterion and those that 
are intersected by deterministic water conducting features, and so would, in practice, 
probably be rejected as locations for canister emplacement. As noted earlier, the number 
of deposition holes considered in groundwater flow modelling is 5391, while the 
number of canisters to be disposed of is 4500. 

Figure 9-1 shows the expectation value of release rate from multiple failed canisters 
randomly located in the repository, fa(t), evaluated using Eq. 9.2-1, as a solid black line. 
The activity release rates for each individual radionuclide have been summed. The 
dashed black line shows the summed release from the Reference Case canister location 
(deposition hole 381) as a function of time. The figure confirms that the expectation 
value of release rate from multiple failed canisters randomly located in the repository is 
significantly less than the release rate in the Reference Case, where a single failed 
canister at a cautiously selected location is postulated. The figure also shows individual 
curves for Pi ×  for i = 1, .., 10, M, illustrating the diminishing contribution of Pi × 

to the sum in Eq. 9.2-1 as i increases (except for the case i = M, which gives a 
contribution that lies between those of i = 4 and i = 5). In other words, the increased 
average activity release rate at any given time as more defective canisters are considered 
is more than offset by the decreased probability of there being this many defective 
canister present in the repository. 
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Figure 9-1. Expectation value of release rate to the surface environment from multiple 
failed canisters placed randomly in the repository, fa(t), weighted according to 
probability of occurrence, compared with the release rate from the Reference Case 
repository location (deposition hole 381). The contributions to fa(t) due to there being 
i=1, 2, 3, … 10 or M defective canisters are also shown.  

 

The second quantity illustrating the consequences of there being multiple canisters with 
initial penetrating defects is given by: 

∑ 	,			 1,2,3, … ,10,   (Eq. 9.2-2) 

where Qi is the conditional probability that, given i defective canisters randomly placed 
in the repository, the maximum release rate to the surface environment is higher than 
that evaluated in the Reference Case. Again, cautiously, deposition holes that do not 
pass the RSC inflow criterion or are intersected by deterministic water conducting 
features are included in this calculation and it is assumed that, if more than 10 canisters 
have initial penetrating defects, then all the canisters have initial penetrating defects. 

Figure 9-2 shows the quantity	  in Eq. 9.2-2 as a function of i, that is, it shows the 
combined probability that there are both i canisters with initial penetrating defects 
emplaced in the repository and that the resulting maximum activity release rate from the 
geosphere (i.e. the maximum of fi(t)) exceeds the maximum activity release rate from 
the geosphere due to a single defective canister in the Reference Case. Again, the key 
radionuclides I-129, Cl-36 and C-14 are considered in this calculation.  
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Figure 9-2. Probability that there are given number of canisters with initial penetrating 
defects and that the resulting maximum activity release rate from the geosphere exceeds 
the maximum activity release rate from the geosphere due to a single defective canister 
in the Reference Case. Note that the cases where the number of initially defective 
canisters exceeds 10 are approximated by a single case in which all deposition holes 
are assumed to contain a defective canister (indicated by the blue circle).  

 

The point on the right-hand side of the figure corresponds to the (hypothetical) case of 
all deposition holes containing canisters with initial penetrating defects (as noted before, 
the number of deposition holes considered in fact exceeds the number of canisters to be 
disposed of). In this case, the probability, QM, that the spatially integrated release to the 
surface environment is higher than that evaluated in the Reference Case is equal to one, 
since the Reference Case location will be one among those with a defective canisters. 
The probability of this situation arising, PM, is cautiously set equal to Pi > 10 in Table 
9-1, i.e. 2.6·10-7.  

Summing the contributions to P in Equation 9.2-2, using the individual conditional 
probabilities in Figure 9-2, gives a probability of about 4·10-4 that the maximum activity 
release rate from the geosphere due to multiple, randomly placed defective canisters 
exceeds the maximum activity release rate from the geosphere due to a single defective 
canister in the Reference Case. 

Thus, the expectation value of the activity release rate from the geosphere considering 
multiple, randomly placed defective canisters is always lower than the release rate in the 
Reference Case from a single canister, cautiously located. Also, the probability that the 
activity release rate maximum from multiple randomly placed defective canisters 
exceeds that of the Reference Case release maximum is low, and is estimated to be 
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about 0.04 %. The complementary analyses described in the remainder of this chapter 
thus assume only a single canister with an initial penetrating defect. 

9.3 Monte Carlo simulations for a single failed canister 

9.3.1 Use of Monte Carlo simulation and cases considered 

Many of the parameters used in the radionuclide release, retention and transport 
calculations are affected by significant uncertainties. To quantify the effects of the 
uncertainty in the input parameters on the calculated performance of the disposal 
system, it is necessary to propagate the input uncertainties to uncertainties in the results. 
The most common technique for performing this task in a systematic manner is Monte 
Carlo simulation. The results of Monte Carlo simulations can be used to determine both 
the uncertainty in the model outcome (uncertainty analysis) and the input parameters 
primarily responsible for that uncertainty (sensitivity analysis). 

In the Monte Carlo simulations and the probabilistic sensitivity analyses (PSAs) carried 
out for TURVA-2012, a single defective canister is assumed to be present in the 
repository. However, the timing of the first radionuclide releases from the internal void 
space of the canister and the location of the defective canister in the repository are 
varied stochastically. Furthermore, two distinct model cases are considered. 

1. The “hole-forever” case: 

The hole-forever case considers that the initial penetrating defect in the canister 
overpack remains unchanged over time; the Reference Case can be viewed as one 
specific realisation of the hole-forever case.  

2. The “growing-hole” case: 

The growing-hole case considers that the initial defect will become enlarged over 
time; the transport resistance provided by the defect is assumed to be lost entirely 
and instantaneously after a period that is varied between 5000 and 50,000 years. 

These two cases are studied separately because they correspond to two distinct models 
of repository system evolution, but the results for both cases are presented together to 
facilitate the comparison17. The initial defect is assumed to be located in the side of the 
canister and, when the defect grows, the resulting enlarged defect is a ring in the upper 
lateral surface of the canister with a height that is sampled stochastically from a PSF 
(see the discussion of this assumption in Section 9.5.2). Release rates from the near field 
and to the surface environment are generally greater in the growing-hole case compared 
with the hole-forever case.  

                                                 

17An alternative approach has also been considered in which both cases are evaluated together in the same 
Monte Carlo simulation, with, for example, 50 % of the realisations corresponding to the hole-forever 
case and 50 % of the realisations corresponding to the growing-hole case. Trial calculations, however, 
showed that the resulting PSA does not provide clear results because the important parameters are 
different in the two cases.  

 



179 

 

The assumption of the “growing-hole” case that the transport resistance of the defect is 
lost entirely and instantaneously at a given time is unrealistic and hypothetical. In 
reality, any evolution of the defect is likely to occur slowly and some transport 
resistance may remain almost indefinitely, reducing resulting releases. The more 
realistic assumption of a gradually enlarging defect is considered in the variant scenario 
VS1, which is analysed deterministically in Chapter 10. However, since the rate of 
enlargement of the defect, if the defect enlarges at all, is uncertain, the assumption of 
complete and instantaneous loss of resistance is retained as a hypothetical, bounding 
case in the Monte Carlo simulations.     

Further differences compared with the Reference Case are that: 

 the possibility of some bentonite entering the internal void space of the canister 
through the defect is considered; this bentonite sorbs radionuclides and reduces 
their concentrations in the water in the internal void space of the canister; the 
amount of bentonite entering the canister is sampled stochastically from a PDF; 

 different solubility limits are applied in the internal void space of the canister, in the 
buffer, at the buffer/rock interface and in the backfill (see below); 

 longitudinal dispersion is included in the geosphere transport model; and 

 of the four geosphere fracture transport classes defined in Chapter 3, only the 
transport class “other fractures” is considered in the simulations. 

This last simplification is made to enable the results of the PSA to be more easily 
interpreted. Note, however, that the differences in radionuclide retention between 
transport classes are limited because:  

 the fracture coatings, which are absent in “other fractures”, are very thin, in the 
order of a tenths of a millimetre to a couple of millimetres, and, with the exception 
of hydrothermal clays, are assumed in the deterministic analyses to be non-sorbing 
(see Section 6.6); 

 the alteration halos, though they have enhanced porosity, are assigned the same 
distribution coefficients as the unaltered host rock in the deterministic analyses (see 
again Section 6.6).    

Some elements (Mo, Nb, Se, Sr and U) can have a higher solubility limit inside the 
canister than in the surrounding buffer and backfill. This possibility is treated in a 
simplified manner in the Reference Case by assigning the same, cautiously chosen 
solubility limit throughout the near field (see Section 6.4.3). However, in the Monte 
Carlo simulations, the model uses element-specific Solubility correction factors, defined 
such that the solubility of a given element in buffer porewater, for instance, is the 
product of its solubility inside canister times its solubility correction factor in the buffer.  

GoldSim has been used for carrying out the Monte Carlo simulations of the “hole-
forever” and “growing-hole” cases. In the main simulations, the model has been run 
10,000 times, each time with a particular set of values of the input parameters. The main 
outputs of the Monte Carlo simulations are the total and radionuclide-specific release 
rates to the surface environment, normalised with respect to the nuclide-specific 
constraints for the radioactive releases to the environment given in Table 2-1. 
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Normalised release rates from the near field are also calculated, but are of secondary 
interest. The PSA has been carried out on these outputs using the modelling tool 
MATLAB. 

Additional Monte Carlos simulations, also with 10,000 realisations, have been carried 
out and it has been found that the empirical distributions of the model outputs and the 
sensitivity measures obtained in all the Monte Carlo simulations are very similar. This 
similarity confirms that the PDFs of the uncertain parameters are sufficiently well 
sampled with 10,000 realisations and gives confidence in the results of the PSA. 

9.3.2 Definition of PDFs for uncertain parameters 

To perform the Monte Carlo simulations, it is necessary to assign probability density 
functions (PDFs) to all the model parameters affected by uncertainty. Table 9-2 
summarises all the uncertain parameters that can affect a given chemical element. Since 
many parameters (solubilities, distribution coefficients, etc.) are element specific, the 
total number of uncertain parameters in the model is much larger than the number 
shown in the table: 160 in the hole-forever case and 162 in the growing-hole case (the 
same parameters as for the hole-forever case plus Time to loss of hole resistance and 
Length of canister failed). 

Table 9-2. List of parameters potentially affecting the releases from the near field and 
to the surface environment for a given chemical element or radionuclide X. PDFs for 
each parameter are given in Cormenzana (2012b). 

Parameter name in Monte 
Carlo simulations 

Description 

Canister failure 

Time to transport path creation 
Time to creation of transport pathway from internal void space of 
the canister to the canister exterior 

Small hole diameter Diameter of defect in copper overpack 

De in the small hole Effective diffusion coefficient in the small hole  

Time to loss of hole resistance 
For growing hole case − interval between time to small hole 
creation and time of loss of transport resistance of the defect 

Length of canister failed 
Length of the canister lateral surface assumed to disappear when 
transport resistance of the defect is lost 

Waste 

IRF (X) in the fuel matrix 
Fraction of the inventory of element X in the fuel matrix released 
when the canister fails – Instant Release Fraction (IRF) 

IRF (X) in the zirconium alloy IRF of the inventory of element X in zirconium alloy 

IRF (X) in the other metals IRF of the inventory of element X in other metals 

IRF (X) in the crud 
IRF of the inventory of element X assumed to be in the “crud” (see 
Section 9.5.4 for further discussion of crud inventory) 

Fuel alteration rate Alteration rate of the fuel matrix 

Zirconium alloy alteration rate 
Alteration rate of the zirconium alloy components of the fuel 
assemblies 

Metals alteration rate Alteration rate of the other metal components of the fuel assemblies 

Internal void space of the canister 

Cavity water volume Volume of water in the internal void space of the canister 
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Parameter name in Monte 
Carlo simulations 

Description 

Mass of buffer in cavity Mass of buffer that enters into the canister internal void space 

Solubility (X) Solubility of element X in the water inside the canister 

Buffer 

Porosity (anions) Porosity accessible for anions in the buffer 

De (X)  Effective diffusion coefficient of element X in the buffer 

Kd (X)  Distribution coefficient for element X in the buffer 

Solubility correction factor (X)  Solubility correction factor in the buffer porewater for element X 

Groundwater-buffer interface 

Solubility correction factor (X)  
Solubility correction factor in the groundwater-buffer interface 
(damaged rock around the deposition hole) for element X 

Deposition tunnel backfill 

Porosity (anions) Porosity accessible for anions in the backfill 

De (X)  Effective diffusion coefficient of element X in the backfill 

Kd (X)  Distribution coefficient for element X in the backfill 

Solubility correction factor (X)  Solubility correction factor in the backfill porewater for element X 

Tunnel length 
Length of tunnel from the centre of the deposition hole to the exit 
fracture that intersects the tunnel 

Near-field flows 

QF 
Equivalent water flow through the fracture that intersects the 
deposition hole 

QDZ Equivalent water flow through the deposition tunnel EDZ 

QTDF 
Equivalent water flow through the fracture that intersects the 
deposition tunnel 

qTDZ Water flux in the tunnel backfill 

Geosphere flow parameters 

tW in F-path Groundwater travel time in the path associated with QF (F-path) 

WL/Q for F-path Transport resistance of the F-path 

Length of F-path Length of the F-path  

tW in DZ-path Groundwater travel time in the path associated with QDZ (DZ-path) 

WL/Q for DZ-path Transport resistance of the DZ-path 

Length of DZ-path Length of the DZ-path  

tW in TDZ-path 
Groundwater travel time in the path associated with QTDZ (TDZ-
path) 

WL/Q for TDZ-path Transport resistance of the TDZ-path 

Length of TDZ-path Length of the TDZ-path  

Peclet number Peclet number in the 1D geosphere paths 

Rock matrix  

Total porosity Total porosity of the rock matrix (accessible for all solutes) 

De 
Effective diffusion coefficient of all the chemical elements in the 
rock matrix 

Maximum penetration depth Maximum penetration depth of solutes in the rock matrix 

Kd (X)  Distribution coefficient for element X in the rock matrix 
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The PDFs are chosen to provide a reasonable representation of the full ranges of 
uncertainty and variability in the input data. The input data used and the process 
followed to create the PDFs are presented in Cormenzana (2012b). As noted in Section 
2.8, any correlations between input parameters are identified, but not included in the 
Monte Carlo simulations and PSA. 

The PDFs for near-field flows, the Tunnel length parameter and geosphere flow 
parameters, with the exception of Peclet number, are sampled directly from the results 
of the discrete fracture network (DFN) groundwater flow modelling described in 
Chapter 4 (Figures 4-12 and 4-13 show the cumulative distribution functions, or CDFs, 
of the near-field flows and the geosphere transport resistances for F-, DZ- and TDZ-
paths). The PDFs for these parameters represent their variability across all the possible 
deposition-hole locations. As illustrated in Figure 9-3, each individual GoldSim 
realisation of the repository system samples a set of values for these parameters from 
the ensemble of results for all the deposition holes calculated by flow modelling, using a 
result file of the type described in Section 4.3. Only deposition holes satisfying the 
inflow RSC criterion are considered. As in the Reference Case, flow-related transport 
parameters have been extracted from the results file for groundwater flow modelling 
case ps_r0_5000. 

Data are available for the solubility limits and distribution coefficients in the repository 
near field (in the buffer, the backfill and internal void space of the canister) for the 
various reference and bounding pore waters that have been defined to account for 
variability and uncertainty in groundwater composition (see Chapter 5). Additional 
sources of uncertainty for a given water composition have also been quantified. Due to 
the amount of data available, log-normal distributions have been created for these 
parameters, with a central region of most likely values and tails of less likely values, 
though they may result in over-sampling of the extremes of these ranges. Figure 9-4 
shows (as CDFs) the log-normal distributions created to represent the distribution 
coefficients of actinides and their progeny in the buffer. 

For the remaining parameters, log-uniform PDFs have generally been adopted because 
the uncertainty in the parameter value usually spans one or more orders of magnitude 
and limited data are available. Log-uniform distributions allow adequate sampling of 
such ranges using a reasonable number of realisations. Figure 9-5 shows the log-
uniform distributions created to represent the distribution coefficients of the actinides 
and their progeny in the unaltered host rock. 
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Figure 9-3. Repository system conceptual model (upper figure); main data flows for 
Monte Carlo simulations and probabilistic sensitivity analysis (lower figure). 
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Figure 9-4. Cumulative distribution functions (CDFs) of the distribution coefficients 
(Kd) in the buffer for actinides and progeny.  

 

 

Figure 9-5. Cumulative distribution functions (CDFs) of the distribution coefficients 
(Kd) in unaltered rock for actinides and progeny.  
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Due to the importance of C-14, the PDFs for carbon-related parameters include the 
uncertainty in carbon speciation: organic or inorganic. In particular, in 50 % of the 
realisations, C-14 parameters are sampled from the PDFs for organic carbon and in 
50 % of the realisations C-14 parameters are sampled from the PDFs for inorganic 
carbon. Inorganic carbon has limited solubility and sorption on buffer and backfill, 
whereas organic carbon has unlimited solubility and no sorption on buffer or backfill. In 
the Reference Case, carbon is assumed to be in organic form (methane). 

9.3.3 Results of the Monte Carlo simulations 

Figure 9-6 shows the total (summed over the F-, DZ- and TDZ-paths and over all the 
radionuclides) normalised release rate to the environment in three Monte Carlo 
realisations (2, 6 and 1001) of the hole-forever (thin lines) and the growing-hole (thick 
lines) cases. For each case, a given Monte Carlo realisation uses the same set of 
common parameter values (e.g. the C-14 distribution coefficient is the same in 
realisation 2 of the hole-forever case as it is in realisation 2 of the growing-hole case). 
Since the models for the two cases are identical until the transport resistance of the 
defect is lost, the curves of the hole-forever and growing-hole cases are also identical up 
to this time. The sudden growth of the defect produces an increase in the release rate to 
the surface environment. Thus, for a given realisation, the peak release rate in the 
growing-hole case is much greater than in the hole-forever case and sensitive to the time 
of the loss of transport resistance. 

 

Figure 9-6. Total normalised release rate to the surface environment (i.e. with the 
release rates for each radionuclide normalised with respect to the nuclide-specific 
constraints for the radioactive releases to the environment) in three realisations of the 
hole-forever and growing-hole Monte Carlo cases. In all, 10,000 realisations are 
performed.  
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Realisations 2, 6 and 1001 use three different, randomly sampled sets of values of the 
model parameters. The results show that the uncertainty and variability in the model 
parameters translate into distinctly different time histories of radionuclide release. In 
particular, differences of up to three orders of magnitude are observed in the peak total 
normalised release rate. 

The results of all 10,000 realisations have been combined to quantify the uncertainties 
in model outputs arising from input parameter uncertainty and variability. Figure 9-7 
shows the total normalised release rate to the surface environment for the hole-forever 
and growing-hole cases, summed over the F-, DZ-, and TDZ-paths and over all the 
calculated radionuclides. The results shown are the mean release, the 1st and 99th 
percentiles, the 5th and 95th percentiles, the median (50th percentile), and maximum 
values as functions of time (as also indicated in the figure, minimum releases lie below 
the lower bound of the y-axis).  
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Figure 9-7. Total normalised release rate to the surface environment in two Monte 
Carlo cases with 10,000 realisations (hole-forever and growing-hole cases). The 
Reference Case release rate is also shown in the upper figure. 

 

The figure shows that, at any instant, the uncertainty in the value of the total normalised 
release rate is at least of four orders of magnitude. In the hole-forever case, the peak 
total normalised release rate to the surface environment is more than two orders of 
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magnitude below the regulatory geo-bio flux constraint in all realisations. The peak 
normalised release rate of around 2·10-4 in the Reference Case (also shown in Figure 
9-7, upper graph) lies between the 95th and 99th percentiles in the corresponding Monte 
Carlo simulation. This confirms that the Reference Case uses a cautiously selected set of 
parameter values, giving a peak release that is towards the upper end of the range 
calculated in the Monte Carlo simulation. In the growing-hole case, the peak release rate 
also remains below the regulatory constraint, although in some realisations the margin is 
less than an order of magnitude. As noted above, the assumption of the “growing-hole” 
case that the transport resistance of the defect is lost entirely and instantaneously at a 
given time is unrealistic and hypothetical. However, the “growing-hole”, as modelled 
here, is retained as a bounding case since the rate of enlargement of the defect over 
time, if it enlarges at all, is uncertain.     

Figure 9-8 presents the cumulative distribution functions (CDFs) of the peak normalised 
release rate to the surface environment for the main radionuclides (C-14, Cl-36, I-129 
and Cs-135), the rest of the fission and activation products, and the whole inventory 
(total) in the two cases. This shows that the uncertainty in the peak release rate to the 
environment is three orders of magnitude for Cl-36 and I-129, four to five orders of 
magnitude for the total release and even greater for C-14, Cs-135, the rest of the fission 
and activation products and the actinides and their progeny. The 10 % of realisations 
with the greatest consequences are dominated by C-14. Excluding C-14, the peak total 
normalised release rate to the environment would be four (hole-forever) or two 
(growing-hole) orders of magnitude below the regulatory geo-bio flux constraint in all 
the realisations. The broader range of peak release rates for C-14 compared with Cl-36 
and I-129 is mainly released to the shorter half life of C-14, such that significant decay 
of this radionuclide occurs during geosphere transport for more favourably located 
deposition holes, but little decay occurs for the least favourably located deposition 
holes.  

Figure 9-9 shows the mean normalised release rates to the surface environment in the 
hole-forever and growing-hole cases, including the contributions of different 
radionuclides. As in the Reference Case, C-14, Cl-36, I-129 and Cs-135 dominate the 
release at different intervals within the assessment time window (see Figure 7-3). In 
both the hole-forever and the growing-hole cases, C-14 is the most important 
radionuclide contributing to the peak release, followed by Cl-36 and I-129, with Cs-135 
playing a much smaller role. In the growing-hole case the actinides and progeny have an 
important effect in the long term, while in the hole-forever case their importance is 
negligible. 
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Figure 9-8. CDFs of the peak normalised release rate to the surface environment in the 
two Monte Carlo cases (hole forever and growing hole) with 10,000 realisations. 
Results for the main radionuclides, the rest of fission and activation products, actinides 
and progeny and the whole inventory (total). 
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Figure 9-9. Mean normalised release rate to the surface environment in Monte Carlo 
cases with 10,000 realisations. Results for the main radionuclides, the rest of the fission 
and activation products, actinides and progeny and the whole inventory (total).  
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Overall, the Monte Carlo simulations show that radionuclides controlling the total 
releases from the near field and to the biosphere are those with little or no sorption on 
the buffer, backfill and rock matrix. Radionuclides with strong sorption on the buffer, 
backfill and unaltered rock make practically no contribution to the peak total releases 
from the near field and from the geosphere. These results are consistent with those of 
the Reference Case. 

9.4 Probabilistic sensitivity analysis (PSA) 

9.4.1 Sensitivity analysis methods 

Probabilistic sensitivity analysis (PSA) is used to identify the model parameters most 
responsible for the uncertainty in model results. Only the total (summed over the F-, 
DZ-, and TDZ-paths) release rates from the near field to the geosphere and from the 
geosphere to the surface environment are considered in the PSA. For each model output 
(e.g. C-14 peak release rate from the near field) the following methods of PSA have 
been applied: 

 Monte Carlo methods, including correlation and regression methods in values and 
ranks and Monte Carlo filtering; 

 graphical methods: scatter plots, “mean rank” plots and contribution to the sample 
mean (CSM) plots; and 

 variance decomposition methods, with only first-order sensitivity indices being 
obtained using correlation ratios. 

The application of these methods is described in Cormenzana (2012a). The most useful 
of the calculated sensitivity measures have proven to be the correlation coefficients in 
ranks (RCCs), which identify the parameters whose uncertainties have the greatest 
effect on the spreading (uncertainty) in the model output. RCCs are identical to 
standardised rank regression coefficients (SRRCs)18 when all the uncertain input 
parameters are independent (uncorrelated), a condition fulfilled by the PDFs selected for 
the Monte Carlo simulations (Section 9.3.2).  

The RCC/SRRC provides the following information for each model parameter: 

 a high absolute value of the RCC means that the uncertainty in the parameter 
produces an important spreading of the model output; 

 a positive value of the RCC means that there exists a positive correlation between 
the input parameter and the model output, i.e., increasing the value of the parameter 
produces an increase of the model output; and 

 a negative value of the RCC means that there exists a negative correlation between 
the input parameter and the model output, i.e., increasing the value of the parameter 
produces a decrease of the model output. 

                                                 

18 SRRCs are the favoured sensitivity measures to “identify the variables that correlate with the dose over 
the entire dose range” and “identify the input parameters that have the greatest influence on the spread of 
results” in the sensitivity analyses carried out for SR-Site (SKB 2010a, 2011). 
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The Mann-Whitney test has also proved a useful tool for PSA. The test involves a 
statistic that can be calculated for any model parameter in a given subset of realisations, 
here taken to be the subset giving the highest 10 % of peak normalised release rates. 
Commonly, the statistic used is the rank of the parameter, summed over all realisations 
in the subset. For the present application, however, a linear transformation has been 
applied to make the statistic independent of the number of realisations and take values 
between -1 and 1. The meaning of this statistic is as follows: 

 a high positive value means that, in the realisations within the subset, the values of 
the parameter tend to be at the high end of the range defined by the PDF of the 
parameter; 

 a highly negative value means that, in the realisations within the subset, the values 
of the parameter tend to be at the low end of the range defined by the PDF of the 
parameter; and 

 a close to zero value means that the subset of realisations are not associated with 
any particular range of values of the parameter. 

Of the graphic methods used in the PSA, scatter plots and mean rank plots have proved 
particularly informative. Realisations can be ranked according to the value taken by a 
given model parameter. The mean rank of realisations in a subset giving the highest 
10 % or lowest 10 % values of an output variable (e.g. the peak release rates of a given 
radionuclide) indicates whether the parameter tends to take high or low values within 
that subset. For 10,000 realisations in all, parameters with no preferred association with 
the 10 % of highest/lowest values of the output variable have a mean rank of around 
5000.5. Mean ranks close to 500.5/9000.5 indicate a very strong positive correlation of 
the lowest/highest values of the input parameter with the highest (highest 10 %) or 
lowest (lowest 10 %) values of the output. Figure 9-10 shows the example of C-135 
peak release to the surface environment in the hole-forever case as an output variable. 

The figure shows that the realisations with the highest Cs-135 peak release rate to the 
surface environment are characterised by: 

 low values of the parameter Kd(Cs) in unaltered rock; 

 low values of Mass of buffer in cavity, Kd(Cs) and De(Cs) in buffer, WL/Q for F-
path, WL/Q for DZ-path and De in unaltered rock; and 

 high values of Small hole diameter, De in the small hole, Fuel alteration rate, QF and 
QDZ. 

On the other hand, realisations with the lowest Cs-135 peak release rate to the 
environment are characterised by:  

 high values of Kd(Cs) in unaltered rock; and 

 high values of De in unaltered rock, Peclet number, WL/Q for F-path, WL/Q for 
DZ-path and WL/Q for TDZ-path. 
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Figure 9-10. Mean ranks for all the parameters in the 10 % of realisations with the 
highest/lowest Cs-135 peak release rate to the surface environment. Using the mean 
ranks of the (more than one hundred) input parameters that are known to have no effect 
on the output variable, it is possible to identify the range of values of the mean rank that 
is not statistically significant: this is the grey band in the figure. 

 

Typical of radionuclides with strong sorption on the rock matrix, the realisations with 
the highest peak release rate to the surface environment are controlled by both near-field 
and geosphere parameters, while the realisations with lowest peak release rate to the 
surface environment are controlled by geosphere parameters. 

In general in the PSA, for a given output variable, the different sensitivity measures 
identify roughly the same set of relevant parameters, although the rankings can change 
slightly between sensitivity measures. This agreement gives robustness to the PSA. 

9.4.2 Identification of key parameters controlling peak radionuclide releases 

This section provides some illustrative results obtained in the PSA for two radionuclides 
with contrasting properties.  

 C-14 is representative of those radionuclides undergoing little or no sorption in the 
buffer, backfill and rock matrix. It has a 5700 year half-life and is the radionuclide 
with the greatest effect on the peak total normalised release rates to the surface 
environment (see e.g. Figure 9-9). It also controls the realisations with the highest 
consequences (Figure 9-8). It is assumed to take organic form in 50 % of 
realisations and inorganic form in the remaining 50 %.  
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 Pu-240 is representative of those radionuclides undergoing strong sorption in the 
buffer, backfill and rock matrix. It has a half-life of 6560 years and has no effect on 
the peak total normalised release rates in any of the 10,000 realisations. 

The results for these radionuclides and others presented in Cormenzana (2012a) are 
used to draw conclusions regarding the relative importance of different model 
parameters for various components of the repository system in Sections 9.5 to 9.8. It 
must be kept in mind that these conclusions are obtained for given ranges of parameter 
values and PDFs. The conclusions are valid only for the ranges of values explored, 
although these have been set wide enough to account for all identified parameter value 
uncertainty and variability. 

Results for C-14 

Table 9-3 presents some indicators of the uncertainty in C-14 peak total normalised 
release rates from the near field to the geosphere and from the geosphere to the surface 
environment in two Monte Carlo simulations with 10,000 realisations (hole-forever and 
growing-hole cases). The four model outputs display a spread of at least six orders of 
magnitude (from 1st percentile to 99th percentile). In the hole-forever case, the highest 
values of C-14 peak release rates from the near field to the geosphere and from the 
geosphere to the surface environment represent less than 1 % of the regulatory 
constraint for C-14 release to the environment (3·108 Bq/a, see Table 2-1). In the 
growing-hole case, the highest values of C-14 peak release rates from the near field and 
to the surface environment are close to the regulatory release constraint for C-14. 

The results of the Monte Carlo simulations presented in Section 9.3.3 show that C-14 is 
the radionuclide with the greatest effect on the peak total normalised release rate to the 
surface environment in both the hole-forever and the growing-hole cases. In particular, 
Figure 9-8 shows that C-14 controls the approximately 10 % of realisations with the 
greatest consequences. Thus, it is of interest to identify both the parameters that control 
the distribution (spread) of the C-14 peak release rates (those with highest values of the 
RCCs) and the parameters that take specific values in the highest 10 % of realisations 
(those with the highest values of the modified statistic in the Mann-Whitney test). 

Table 9-3. Uncertainty indicators for the C-14 peak total normalised release rates from 
the near field to the geosphere and from the geosphere to the surface environment in 
Monte Carlo simulations with 10,000 realisations. 

Peak 
release rate 
from… 

Min. 
Percentiles 

Max. 

Number of 
null 
realisations 1st 5th 50th 95th 99th 

Hole forever 

near field 2.0·10-32 9.1·10-11 1.1·10-9 1.1·10-6 2.2·10-4 8.4·10-4 5.8·10-3 0 

geosphere 0 1.8·10-12 1.1·10-10 2.3·10-7 7.4·10-5 4.0·10-4 3.5·10-3 1 

Growing hole 

near field 3.2·10-29 7.7·10-7 8.4·10-6 1.7·10-3 7.7·10-2 1.9·10-1 1.2 0 

geosphere 0 5.1·10-9 3.8·10-7 2.1·10-4 1.5·10-2 4.4·10-2 4.8·10-1 1 
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Table 9-4 presents the correlation coefficients in ranks (RCCs) and the modified statistic 
of the Mann-Whitney test (10 % of highest values vs. remaining 90 %) for all the 
potentially relevant parameters for C-14.  

Table 9-4. Correlation coefficients in ranks (RCCs) and values of the modified statistic 
of the Mann-Whitney test (10 % of highest values vs. remaining 90 %) for C-14 peak 
release rates from the near field to the geosphere and from the geosphere to the surface 
environment (far-field release). 

Parameters 

Rank corr. coeff. (RCCs) Modified Mann-Whitney 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure  

Time to transport path creation -0.034  -0.043 -0.028   -0.092  

Small hole diameter 0.356 0.325   0.600 0.548   

De in the small hole 0.299 0.272   0.453 0.429   

Time to loss of hole resistance   -0.517 -0.471   -0.623 -0.579 

Length of canister failed   -0.066 -0.033   -0.122 -0.058 

Waste 

IRF(C) in the fuel matrix         

IRF(C) in the zirconium alloy         

IRF(C) in the other metals         

Fuel alteration rate         

Zirconium alloy alteration rate         

Metals alteration rate         

Internal void space of the canister 

Cavity water volume -0.079 -0.065   -0.251 -0.223 -0.050  

Mass of buffer in cavity -0.050 -0.041   -0.074 -0.060   

Solubility (C) 0.749 0.695 0.545 0.401 0.548 0.554 0.469 0.398 

Hole Buffer 

De (cations/neutral)   0.058      

Kd (C) in buffer -0.171 -0.148 -0.282 -0.187 -0.241 -0.207 -0.367 -0.287 

Tunnel backfill  

De (cations/neutral) -0.048 -0.046  -0.033 -0.091 -0.088 -0.041 -0.077 

Kd (C) in backfill  -0.034    -0.049   

Solubility correction factor (C)         

Tunnel length         

Near-field flows 

QF 0.148 0.132 0.248 0.204 0.196 0.164 0.423 0.286 

QDZ 0.130 0.117 0.196 0.167 0.171 0.174 0.291 0.244 

QTDF         

qTDZ         

Geosphere flow parameters 

tW in F-, DZ-, TDZ-paths         

Lengths of F-,DZ-, TDZ-paths          
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Parameters 

Rank corr. coeff. (RCCs) Modified Mann-Whitney 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

WL/Q for F-path   -0.102  -0.169  -0.124  -0.220 

WL/Q path DZ-path   -0.159  -0.252  -0.170  -0.251 

WL/Q path TDZ-path         

Peclet number  -0.046  -0.033     

Rock matrix 

Total porosity  -0.143  -0.209  -0.151  -0.220 

De   -0.152  -0.257  -0.171  -0.275 

Maximum penetration depth  -0.098  -0.137  -0.080  -0.161 

R2 0.857 0.816 0.753 0.712 -- -- -- -- 

Threshold of significance 0.024 0.027 0.028 0.022 0.056 0.042 0.043 0.063 

 

The output variables considered are the peak release rates from the near field to the 
geosphere and from the geosphere to the surface environment. Only values above the 
threshold of significance19 are shown. The table shows that generally the same 
parameters are important for the distribution of the peak release rates and for the 10 % 
of realisations with the highest peak release rates, although the relative importance of 
the parameters shows some differences. 

More specifically, in the hole-forever case:  

 The three most important parameters are Solubility(C) inside canister, Small hole 
diameter and De in the small hole. Solubility(C) inside canister is far more 
important than the two other parameters for the distribution of the C-14 peak release 
rate, but the three parameters have similar effects on the highest 10 % of 
realisations. 

 There is a group of parameters of secondary importance for both the distribution of 
the C-14 peak release rate and the 10 % of realisations with the highest values of C-
14 peak release rate: Kd(C) in buffer, QF and QDZ. Cavity water volume has a similar 
importance for the highest 10 % realisations but its effect on the spreading of C-14 
peak release rate is much smaller.  

In the growing-hole case: 

 The two most important parameters for C-14 peak release rate from the near field 
are Time to loss of hole resistance (due to the relatively short life of C-14) and 
Solubility(C) inside canister.  

                                                 

19The values of the sensitivity measures for the 120 parameters (approximately) that are known for sure to 
have no effect on the model output are used to obtain the “threshold of significance” (last row in Tables 
9-4 and 9-6). 
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 There is a group of parameters of secondary importance (Kd(C) in buffer, QF and 
QDZ) that have greater influence on the highest 10 % realisations than on the 
spreading of C-14 peak release rate.  

 The effect of the geosphere on C-14 transport is relatively small, since C-14 is 
assumed not to sorb on the rock matrix. The model parameters with the highest 
influence on C-14 peak release rate to the surface environment are the same as for 
the peak release rate from the near field. There is also a group of geosphere 
parameters that are of secondary importance: De and Porosity in unaltered rock, 
WL/Q in DZ- and F-paths and Maximum penetration depth in unaltered rock. 

Figure 9-11 represents the mean ranks of the model parameters in the 10 % of 
realisations with the highest/lowest values of C-14 peak release rates to the surface 
environment. The line “highest 10 %” in the figure is a graphic representation of the 
Mann-Whitney test 
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Figure 9-11. Mean ranks for all the parameters in the 10 % of realisations with the 
highest/lowest C-14 peak release rate from the geosphere to the surface environment. 
Using the mean ranks of the (more than one hundred) input parameters that are known 
to have no effect on the output variable, it is possible to identify the range of values of 
the mean rank that is not statistically significant: this is the grey band in the figure. 

 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Parameters 

M
ea

n
 R

a
n

k

Lowest 10%

Highest 10%

Waste and
canister
 interior

Unaltered 
rock

Geosphere 
flow 

parameters

Buffer
and

backfill

Near 
field 
flows 

Canister
failure

Cavity water
 volume

Hole forever

WL/Q for DZ-path

WL/Q for F-path

De

Solubility (C)

Porosity

Maximum 
penetration

 depth

Small hole
diameter

De in the
small hole

Peclet
number

QF

QDZ

Kd(C) in buffer

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Parameters 

M
ea

n
 R

a
n

k

Lowest 10%

Highest 10%

Waste and
canister
 interior

Unaltered 
rock

Geosphere 
flow 

parameters

Buffer
and

backfill

Near 
field 
flows 

Canister
failure

Growing hole

WL/Q for DZ-path

WL/Q for F-path

De

Solubility (C)

Porosity

Maximum 
penetration

 depth

Time to loss of
hole resistance

Peclet
number

QF

QDZ

Kd(C) in buffer



199 

 

The figure shows that, in the hole-forever case, the 10 % of realisations with the highest 
C-14 peak release rate to the surface environment are characterised by: 

 very high values of Solubility(C) inside canister, Small hole diameter and De in the 
small hole; 

 high values of QF and QDZ; and 

 low values of Cavity water volume, Kd(C) in buffer, WL/Q for F-path, WL/Q for 
DZ-path, De in unaltered rock and Porosity of unaltered rock. 

On the other hand, the 10 % of realisations with the lowest C-14 peak release rate to the 
surface environment correspond, in general, to the opposite regions of values of the 
same parameters:  

 low values of Solubility(C) inside canister, Small hole diameter and De in the small 
hole; 

 low values of QF and QDZ; and 

 high values of Kd(C) in buffer, WL/Q for F-path, WL/Q for DZ-path, De in unaltered 
rock and Porosity of unaltered rock.  

Similar observations can be made for the growing-hole case, but with the following 
differences: 

 Small hole diameter and De in the small hole are no longer important, because in 
9986 of the 10,000 realisations the peak release rate takes place after the initial 
small hole has enlarged; and 

 Time to loss of hole resistance is an influential parameter due to the relatively short 
half-life of C-14, and takes low/high values in the highest/lowest 10 % of 
realisations. 

As a consequence, the highest C-14 peak release rates from the near field and to the 
environment are obtained in realisations in which carbon is in organic form (unlimited 
solubility and no sorption on buffer, as in the Reference Case), while the lowest C-14 
peak release rates are obtained in realisations in which carbon is in inorganic form (low 
solubility and some sorption on buffer).  

Results for Pu-240 

Table 9-5 presents some indicators of the uncertainty in Pu-240 peak total normalised 
release rates from the near field to the geosphere and from the geosphere to the surface 
environment in two Monte Carlo simulations with 10,000 realisations (hole-forever and 
growing-hole cases). The four model outputs display a great spread of values from zero 
(< 10-38) to between 10-16 and 10-10, and in more than half of the realisations there are no 
releases of Pu-240 to the surface environment. In all the realisations, Pu-240 peak 
release rates from the near field to the geosphere and from the geosphere to the surface 
environment are many orders of magnitude below the regulatory constraint for the Pu 
release to the environment (3.0·107 Bq/a, see Table 2-1). 
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Table 9-5. Uncertainty indicators for the Pu-240 peak total normalised release rates 
from the near field to the geosphere and from the geosphere to the surface environment 
in Monte Carlo simulations with 10,000 realisations. 

Peak 
release rate 
from… 

Min. 
Percentiles 

Max. 
Number of 
null 
realisations 1st 5th 50th 95th 99th 

Hole forever 

near field 0 4.3·10-32 1.3·10-28 4.4·10-22 3.8·10-17 8.6·10-16 2.7·10-13 50 

far field 0 0 0 0 8.6·10-23 9.9·10-20 5.3·10-16 5995 

Growing hole 

near field 0 6.1·10-27 1.2·10-23 5.2·10-17 4.6·10-12 1.1·10-10 8.1·10-8 50 

far field 0 0 0 0 1.4·10-17 4.5·10-14 1.5·10-10 5351 

 

Table 9-6 presents the correlation coefficients in ranks (RCCs) and the modified statistic 
of the Mann-Whitney test (10 % of highest values vs. remaining 90 %) for all the 
potentially relevant parameters for Pu-240. The output variables considered are again 
the peak release rates from the near field to the geosphere and from the geosphere to the 
surface environment. The following observations are made regarding the results for the 
near-field releases. 

 In both the hole-forever and growing holes cases, Pu-240 peak release rate from the 
near field is controlled by Kd(Pu) in buffer and De(cations/neutral) in buffer, 
although the distribution coefficient is always more important. This means that Pu-
240 releases from the near field are controlled mainly by the diffusive transport 
(with sorption) through the buffer. Solubility(Pu) inside canister is the third most 
important parameter, although far less influential than the first two. 

 In the hole-forever case, the next most important parameters are those controlling 
the transport through the small hole into the buffer (Small hole diameter and De in 
the small hole), followed by equivalent near-field flows QF and QDZ.  

 In the growing-hole case, the next most important parameters are Time to loss of 
hole resistance and equivalent near-field flows QF and QDZ.  

 The same ranking of important parameters is obtained on the basis of the RCCs and 
the modified statistic of the Mann-Whitney test (10 % of highest values vs. 
remaining 90 %).  

Regarding the geosphere release, the following additional observations are made: 

 Similar results are obtained for the hole-forever and growing-hole cases. 

 The distribution of Pu-240 peak release rates to the surface environment is almost 
entirely controlled by the transport through the geosphere.  
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Table 9-6. Correlation coefficients in ranks (RCCs) and values of the modified statistic 
of the Mann-Whitney test (10 % of highest values vs. remaining 90 %) for Pu-240 peak 
release rates from the near field to the geosphere and from the geosphere to the surface 
environment (far-field release). 

Parameters 

Rank corr. coeff. (RCCs) Modified Mann-Whitney 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure  

Time to transport path creation         

Small hole diameter 0.165 0.034   0.263 0.071   

De in the small hole 0.144 0.030   0.195 0.071   

Time to loss of hole resistance   -0.092 -0.035   -0.141 -0.069 

Length of canister failed         

Waste 

Fuel alteration rate         

Internal void space of the canister 

Cavity water volume         

Mass of buffer in cavity         

Solubility (Pu) 0.225 0.032 0.270 0.037 0.368 0.112 0.428 0.145 

Hole Buffer 

De (cations/neutral) 0.560 0.089 0.614 0.093 0.580 0.309 0.626 0.328 

Kd (Pu) in buffer -0.725 -0.146 -0.678 -0.132 -0.778 -0.427 -0.754 -0.398 

Tunnel backfill  

De (cations/neutral)         

Kd (Pu) in backfill         

Tunnel length         

Near field flows 

QF 0.092 0.042 0.094 0.041 0.127 0.068 0.139 0.075 

QDZ 0.077  0.075  0.086 0.054 0.087 0.051 

QTDF         

qTDZ         

Geosphere flow parameters 

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.143  -0.150  -0.171  -0.183 

WL/Q for DZ-path   -0.237  -0.249  -0.313  -0.315 

WL/Q for TDZ-path         

Peclet number  -0.244  -0.260  -0.204  -0.185 

Unaltered rock 

Total porosity         

De   -0.326  -0.336  -0.410  -0.421 

Maximum penetration depth         

Kd (Pu)  -0.636  -0.654  -0.700  -0.701 

R2 0.952 0.681 0.933 0.723 -- -- -- -- 

Threshold of significance 0.032 0.021 0.028 0.023 0.055 0.048 0.053 0.046 
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 The parameter with the greatest effect on the distribution of Pu-240 peak release 
rate to the surface environment is, by far, Kd(Pu) in unaltered rock, followed by De 
in unaltered rock, Peclet number and WL/Q for DZ-path. WL/Q for F-path has a 
smaller effect, with an RCC similar to that of Kd(Pu) in buffer, this being the most 
influential near-field parameter. 

 The parameters that control the 10 % of realisations with the highest Pu-240 peak 
release rates to the surface environment are Kd(Pu) in unaltered rock (by far the 
most important) followed by De in unaltered rock and Kd(Pu) in buffer, both with a 
similar importance. WL/Q for DZ-path and De(cations/neutral) in buffer are the next 
most important parameters, followed by Peclet number and WL/Q for F-path. 

9.5 Sensitivities and uncertainties related to the spent nuclear fuel and 
canister 

9.5.1 Spent nuclear fuel and canister parameters 

Canister failure parameters 

In the Monte Carlo simulations, the model parameter Time to transport path creation 
(i.e. the time taken for the establishment of a transport path through the defect from the 
internal void space of the canister to the buffer) takes values between 10 and 5000 
years. It is an important parameter controlling the activity release of short-lived 
radionuclides like Sr-90 (T1/2=28.8 a), Cs-137 (T1/2=30.1 a) and Ag-108m (T1/2=438 a), 
but has little effect for longer-lived radionuclides; see also the analysis of sensitivity 
case BS-TIME in Section 8.3. 

In the hole-forever case, the transport resistance of the defect has a strong effect on the 
releases from the near field, and hence Small hole diameter and De in the small hole are 
identified as important parameters (see also Section 13.5 for a discussion of the 
importance of the transport resistance of the defect in the Reference Case). For 
radionuclides with weak or no sorption on unaltered rock, these parameters also have a 
significant effect on the peak release rate to the surface environment. However, for 
radionuclides with strong sorption on the rock matrix the, importance of Small hole 
diameter and De in the small hole is much less. These observations are in line with the 
results for C-14 and Pu-240 in the previous section. 

For most radionuclides, these peak release rates in the growing-hole case are obtained 
after the loss of the transport resistance of the defect. The loss of the transport resistance 
of the defect produces a sudden increase in the release rates to the buffer that is 
followed, after some time, by an increase in the release rates from the near field to the 
geosphere and from the geosphere to the surface environment. The model parameter 
Time to loss of hole resistance takes values between 5000 and 50,000 years, and is an 
important parameter for medium-lived radionuclides like C-14 (T1/2=5700 years) and 
Mo-93 (T1/2=4000 years), whereas, for longer-lived radionuclides, its influence is much 
smaller or even negligible. Small hole diameter and De in the small hole have, at most, a 
small effect on the peak rates of all radionuclides. 

The model parameter Length of canister failed (i.e. the height of the ring shaped part of 
the canister surface that is assumed to disappear when the hole resistance is lost) has a 
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significant effect on the peak activity release rates due to several radionuclides (Ag-
108m, Be-10, Mo-93, Nb-91, Nb-93m) from the near field, with a much smaller effect 
on their peak activity release rates to the surface environment. In most cases, Length of 
canister failed is negatively correlated with the peak release rate: i.e. increasing the 
Length of canister failed produces a decrease in the peak release rates. The explanation 
is that the greater the length of canister failed, the greater the amount of buffer rapidly 
accessible to the dissolved radionuclide, which reduces the concentration in the buffer 
porewater and the peak release rate from the near field. 

Spent nuclear fuel parameters 

In the Monte Carlo simulations, the Instant Release Fractions (IRFs) for the fuel matrix, 
zirconium alloy and other metal parts are considered to be separate parameters. In the 
case of the fuel matrix, only I-129, Cl-36 and Cs-135 IRFs have a significant effect on 
the peak release rates from the near field to the geosphere and from the geosphere to the 
surface environment.  

When selecting the PDFs for the IRFs for zirconium alloy and the other metal parts, 
C-14 has been found to be particularly uncertain (Cormenzana 2012b). Thus, broad, 
log-uniform distributions have been used that range from 1 % to 100 %. However, the 
PSA has found that IRF(C) in zirconium alloy and IRF(C) in other metals are not 
important parameters for C-14 peak release rates, due to the high values of the alteration 
rates of zirconium alloy and other metals parts, and it is not necessary to know them 
with more precision. 

Since most of the activity inventory is in the UO2 matrix, the parameter that controls 
release to the water inside the canister (Fuel alteration rate) has a strong effect on peak 
release rates of radionuclides that are not solubility limited. 

Zirconium alloy alteration rate is an important parameter only for Cl-36 peak release 
rates in the growing-hole case. Zirconium alloy alteration rate has a small influence on 
Nb-91 and Nb-94 peak release rates from the near field, both in the hole-forever and 
growing-hole cases.   

The model parameter Metals alteration rate (with values between 10-4 and 10-2 per year 
in the Monte Carlo simulations) has no effect on the peak release rates of the 
radionuclides present in the other metal parts (Ag-108m, C-14, Mo-93, Ni-94, Ni-59 or 
Ni-63), i.e. releasing the inventory of these radionuclides that is contained in the other 
metal parts in 100 years gives peak release rates that are similar to those when 10,000 
years is assumed. Uncertainty in this parameter is therefore not important in terms of its 
effect on peak release rates, compared with the other uncertainties in the model.  

Parameters for the internal void space of the canister and solubilities  

The radionuclides released from the different fuel components pass to the water inside 
the canister, where they dissolve or precipitate, depending on their solubility limits.  

For non-sorbed radionuclides, their concentration in the water inside the canister is 
inversely proportional to the parameter Cavity water volume, and this parameter has an 
important effect on the peak release rates of the three main radionuclides C-14, Cl-36 
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and I-129 from the near field to the geosphere and from the geosphere to the surface 
environment. The intrusion of bentonite into the canister, which is included in the 
Monte Carlo simulations20, decreases the dissolved concentration of sorbing 
radionuclides inside the canister, reducing the releases to the buffer if the solubility limit 
is not reached. For radionuclides with strong sorption on bentonite that are not solubility 
controlled, the parameter Mass of buffer in cavity has a significant effect on their peak 
release rates. 

In the hole-forever case, solubilities outside the canister (i.e. in the buffer, at the buffer-
rock interface and in the backfill) have no effect on peak release rates of any 
radionuclides. On the other hand, in the growing-hole case, the occurrence of smaller 
solubilities in the buffer porewater or at the buffer-rock interface compared with inside 
the canister limits the peak release rates of the radionuclide affected, while having lower 
solubilities in the backfill has no effect. These observations can be understood as 
follows. Transport through the defect results in a large difference in concentration (a 
factor of 100 or more) between internal void space of the canister and the buffer close to 
the defect. This is an effect related to the length of the defect (5 cm, corresponding to 
the thickness of the copper overpack). As a consequence, if the solubility in the buffer 
or any other location outside the canister is smaller than inside the canister, but the 
difference is less than a factor of 100, the solubility limits outside the canister are not 
reached and only the solubility limit inside the canister can affect releases (as found in 
the PSA of the hole-forever case). When the small defect grows, concentrations inside 
the canister and in the adjacent buffer are similar and hence the lower solubility limits in 
the buffer porewater can be reached and control the diffusive transport through the 
buffer.   

9.5.2 Canister defect location 

Since the canister weld is on the upper surface of the canister (not on the side wall), any 
initial penetrating defect is also most likely located on the upper surface. In the 
Reference Case and in the Monte Carlo simulations used in the PSA, the defect is 
assumed to be located in the upper part of the side wall of the canister. The effect of the 
location of the defect (canister upper surface vs. canister side wall) has been studied by 
carrying out three additional Monte Carlo simulations, each with 1000 realisations: 

 the initial defect is located towards the outer edge of the canister upper surface and 
remains unchanged throughout the million-year assessment time frame;  

 the initial defect is located towards the outer edge of the canister upper surface, and, 
when the transport resistance of the defect is lost, the resulting enlarged hole covers 
the whole upper surface area of the canister (0.866 m2); and 

 the initial defect is located in the side of the canister, and when the defect grows, the 
resulting enlarged hole is represented by a ring in the upper lateral surface of the 
canister, with the same area as in the second case, above (0.866 m2). 

                                                 

20 The loss of bentonite density in the buffer due to bentonite intrusion into the canister is assumed to be 
negligible. 
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Apart from the location of the defect, the first case is identical to the hole-forever case 
defined earlier. Thus, the results of this case have been compared with the first 1000 
realisations of the Monte Carlo simulation for the hole-forever case to analyse the 
effects of the location (side vs. upper surface) of a defect in the canister whose size does 
not increase with time. Comparison of the results in the second and third cases provides 
information on the importance of the location of the enlarged hole in the canister. Figure 
9-12 shows that, in the hole-forever case, the location of the small hole (canister side vs. 
upper surface) has a negligible effect on the peak total normalised release rates from the 
near field to the geosphere and from the geosphere to the surface environment 
(biosphere) in the 1000 realisations considered. The differences for the main 
radionuclides are also small; clear differences, though smaller than a factor of two, are 
observed only for the actinides and their progeny. 

Figure 9-13 presents the peak total normalised release rate from the near field to the 
geosphere and from the geosphere to the surface environment for the whole inventory 
(total) and all the actinides and their progeny in the growing-hole case for two different 
locations of the enlarged hole (upper canister side vs. upper surface, i.e. the second and 
third cases, above). The figure shows that the location of the enlarged hole has only a 
small effect on the peak total normalised release rates (a factor 2 at most), but has a 
greater effect on the peak normalised release rates due to actinides and progeny in many 
realisations. 

Although in a few realisations the peak release rates are slightly greater when the initial 
defect and the enlarged hole are in the lid, Figures 9-12 and 9-13 show that assuming 
the initial defect and enlarged hole to be in the upper part of the canister side is a 
cautious simplification for most combinations of values of the model parameters 
(realisations). 



206 

 

 

Figure 9-12. Scatter plots of the peak normalised release rates due to the whole 
inventory (total; upper graph) and to actinides and progeny (lower graph) in the hole-
forever case when the small hole is in the canister side or the canister upper surface. 
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Figure 9-13. Scatter plots of the peak normalised release rates due to the whole 
inventory (total; upper graph) and to actinides and progeny (lower graph) assuming 
total lid failure (0.866 m2) or a hole of the same surface area in the canister side wall. 

  

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01

Peak normalised release rate (side defect of 0.866 m2) 

P
ea

k 
n

o
rm

al
is

ed
 r

el
ea

se
 r

at
e 

(l
id

 f
ai

lu
re

) Total

       From the near field 
       To the biosphere

Growing hole

1.E-10

1.E-08

1.E-06

1.E-04

1.E-02

1.E+00

1.E-10 1.E-08 1.E-06 1.E-04 1.E-02 1.E+00

Peak normalised release rate (side defect of 0.866 m2) 

P
e

ak
 n

o
rm

a
lis

ed
 r

el
e

as
e 

ra
te

 (
li

d
 f

ai
lu

re
)

Actinides and
progeny

       From the near field 
       To the biosphere

Growing hole



208 

 

9.5.3 Filling material in the canister defect 

In the Reference Case, the defect in the canister is assumed to fill with water, with a 
diffusion coefficient of 10-9 m2/s, and to remain water-filled and of constant diameter 
over time. In reality, as the buffer swells, bentonite may intrude into the defect. 
Alternatively, the defect may become filled with other materials, such as the corrosion 
products of the insert. Thus, in the Monte Carlo simulations, De in the small hole is 
varied across the range 2·10-11 to 10-9 m2/s to account for uncertainty and variability in 
this parameter. The possibility of sorption in this material is not accounted for, although 
this is likely to have only a limited effect on C-14, which is generally the dominant 
radionuclide. 

To further illustrate the potential effects of the defect becoming filled with solid, 
sorbing material, a complementary deterministic case CS3-FILL was defined in which 
the material in the canister defect is assigned the same transport-related parameters as 
the buffer. All other repository system model assumptions and parameter values are 
identical to those of the Reference Case. No analysis of geosphere transport was carried 
out, since a comparison of near-field releases with those of the Reference Case suffices 
to illustrate the cautiousness of the assumption that the defect is water filled. 

Figure 9-14 shows evolution of near-field release rates in the Reference Case and in 
case CS3-FILL. 

 

Figure 9-14. Evolution of the radionuclide release rates from the near field in the 
Reference Case (BS-RC; solid lines) and in case CS3-FILL (dashed lines). The Cs-135 
release in case CS3-FILL almost identical to Cs-135 release rate in the Reference Case 
(see main text).  
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The bentonite fill reduces the peak total near-field release (and that for C-14) by about 
an order of magnitude and the Cl-36 and I-129 peaks by around two orders of 
magnitude. This illustrates the cautiousness of the assumption of water in the defect in 
the Reference Case. The release rate of Cs-135 in case CS3-FILL almost identical to 
Cs-135 release rate in the Reference Case. This is because the effective diffusion 
coefficient of Cs in the buffer material is 10-9 m2/s (Table 6-8), i.e. the same as that 
assumed for water in the Reference Case. Note that transport through the defect is 
modelled by GoldSim as a stationary flux from internal void space of the canister to the 
buffer, so sorption on the bentonite fill in the defect does not affect the solution.  

9.5.4 Crud inventory 

There are significant uncertainties in the release and migration behaviour of activation 
and fission products initially adhering to the surfaces of spent nuclear fuel rods (crud). 
The spent nuclear fuel rods will stay in storage pools for 30 years or more before 
encapsulation, which means that the most easily leached part of the activity, including 
that associated with crud, will most probably be released in the spent nuclear fuel stores, 
not in the spent nuclear fuel repository. If this is the case, the activity will then be bound 
1) to the surfaces of the pools and the water purification system and 2) to the filters of 
the purification system. The first part will be handled in the context of the 
decommissioning of the fuel stores and the latter part will be disposed of in the 
operating-waste repositories at Olkiluoto and Loviisa. This is assumed in the Reference 
Case. However, as a cautious, alternative assumption, the crud inventory can be treated 
as an IRF. 

Figure 9-15 shows the ratios of the radionuclide-specific crud inventories to the 
corresponding initial Reference Case activity inventories. For all radionuclides, the crud 
inventories are small compared with the total. In the cases of Ag-108m and Tc-99, the 
crud inventories are also four to five orders of magnitude smaller than the Reference 
Case IRFs. For the isotopes of Am, Cm, Np, Pu, Th, and U, the crud inventories are less 
than the amounts released by spent nuclear fuel dissolution in 2 years assuming the 
Reference Case fuel dissolution rate. The fraction of the inventory present in the crud 
exceeds 0.001 % only for isotopes of Mo, Ni, Nb and Zr, and it is only for these that the 
crud inventories could conceivably affect release rates. However, the PSA has found 
that the parameter IRF in crud has no influence on the peak release rates of these 
isotopes, and hence it can be concluded that including the crud inventory in the safety 
assessment has no effect on the results. 

To further illustrate this point, single deterministic calculation case, CS2-CRUD, has 
been analysed in which the activation and fission products associated with crud are 
included in the IRF. An example crud inventory for BWR (boiling water reactor) fuel 
for use in CS2-CRUD is taken from Table C-8 of SKB (2010d). In Figure 9-16, 
radionuclide-specific release rates from the repository near field to the geosphere in 
CS2-CRUD are compared with those of the Reference Case. The only differences occur 
at early times, as expected since the crud inventory is allocated to the IRF, and are most 
evident for Ni-59 and Ni-63. However, as expected, differences in peak release rates are 
negligible for all calculated radionuclides. 
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Figure 9-15. Ratio of the crud inventories to the initial Reference Case activity 
inventories. 
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Figure 9-16. Radionuclide-specific release rates from the repository near field to the 
geosphere in CS2-CRUD (solid lines) and in the Reference Case (dashed lines). The 
upper figure gives an expanded view of the shaded box in the lower figure, illustrating 
that small differences occur at early times and are most evident in the cases of Ni-59 
and Ni-63.  
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9.6 Sensitivities and uncertainties related to the deposition hole and 
tunnel 

9.6.1 Near-field flow parameters 

For most radionuclides, the equivalent near-field flow rates QF and QDZ have an 
important effect on the peak release rates from the near field in the Monte Carlo 
simulations, with the following exceptions: 

 radionuclides with no sorption on buffer, such as Cl-36, I-129 and Se-79, in the 
hole-forever case, reach a steady state in which the release rate from the defect to 
the buffer is roughly equal to the release rate from the near field, with near-field 
flows playing no role; and 

 for strongly sorbing radionuclides with relatively short half-lives, such as Am-243 
and Cm-245, peak release rates from the near field are nearly completely controlled 
by the diffusive transport through the buffer and equivalent near-field flows have 
only a small effect in both the hole-forever and growing-hole cases. 

The equivalent near-field flow rates QF and QDZ also have a significant effect on the 
peak release rates from the geosphere to the surface environment for most 
radionuclides. For radionuclides with little sorption on the rock matrix, the effect of the 
geosphere on the peak release rates to the surface environment is small, and the 
equivalent near-field flow rates QF and QDZ have a similar importance for the peak 
release rates to the surface environment as they do for the peak release rates from the 
near field. For strongly sorbing radionuclides, transport through the geosphere controls 
the peak release rates to the surface environment, and the influence of the equivalent 
near-field flow rates QF and QDZ on these peak release rates is much smaller than on the 
peak release rates from the near field.  

QF always has a greater influence than QDZ on peak release rates from the near field to 
the geosphere and from the geosphere to the biosphere, but the difference is small. Only 
for a few radionuclides does QTDF have some effect on the peak release rates, but the 
values of the sensitivity measures are always small, close to the threshold of 
significance. The water flux in the tunnel (qTDZ) has no significant influence on the peak 
release rates.  

It can be concluded that the equivalent flow rates QF and QDZ, which govern mass 
transfer between the deposition hole and the intersecting fractures and tunnel EDZ, are 
important model parameters for many radionuclides, though not for some of those of 
most safety relevance, such as I-129 and Cl-36. The values of these parameters, sampled 
in the Monte Carlo simulations, are taken directly from the groundwater flow modelling 
results for case ps_r0_5000, which is described in Chapter 4. The range of values 
considered reflects the assumptions inherent in this groundwater flow modelling case. A 
significant uncertainty affecting these near-field flows concerns the hydraulic 
significance of rock damage around the deposition holes. The zone of damage is 
assumed to be highly conductive in groundwater flow modelling case ps_r0_5000. QF 

and hence the rate of mass transfer between the deposition hole and the intersecting 
fractures can be significantly reduced if there is no hydraulically significant rock 
damage (see Section 4.4). The impact of the damaged zone on radionuclide transport is 
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considered in further Monte Carlo simulations and in a deterministic, complementary 
calculation case discussed in Section 9.6.4. Another source of uncertainty affecting 
these equivalent flow rates concerns the properties of the deposition tunnel EDZ, which 
is considered further in Section 9.6.5. 

Water flows in and around the deposition tunnel have small to negligible effect on the 
Monte Carlo results for the ranges of values considered. The significance of the tunnel 
as a transport path is analysed in detail in Section 9.6.6, based on groundwater flow 
modelling results for case ps_r0_5000. However, here again there are model 
uncertainties in ps_r0_5000 affecting, in particular, QTDF, and these uncertainties could 
lead to values outside the range considered in the Monte Carlo simulations. The effects 
of these uncertainties are assessed in the deterministic, complementary calculation cases 
analysed in Sections 9.6.7 and 9.6.8. 

9.6.2 Other deposition hole and buffer parameters 

In the Monte Carlo simulation of the hole-forever case, the model parameter Porosity 
(anions) in buffer has no effect on the peak release rates of anions from the near field to 
the geosphere and from the geosphere to the surface environment. In the growing-hole 
case, Porosity(anions) in buffer has a significant effect on Cl-36 and I-129 peak release 
rates from the near field, and a smaller effect on their peak release rates to the surface 
environment. For the other Reference Case anion (Se-79), there is only a small effect on 
the peak release rate from the near field.  

De(anions) in buffer is an important parameter for the peak release rates from the near 
field and to the surface environment for all the anionic species (Cl-36, I-129 and Se-79), 
having a particularly great effect on the peak release rates from the near field in the 
growing-hole case.  

De(cations/neutral) in buffer is an important parameter for the peak release rates of 
many radionuclides from the near field, with a much smaller influence on peak release 
rates to the surface environment. In general, it is observed that the influence of 
De(cations/neutral) in buffer on the peak release rate from the near field is significantly 
greater in the growing-hole case than in the hole-forever case. 

De(Cs) in buffer has a significant effect on Cs-137 peak release rates from the near field 
and a smaller effect for Cs-135. De(Ra, Sr) in buffer has some effect on Ra-226 and 
Sr-90 peak release rates from the near field to the geosphere and from the geosphere to 
the surface environment. 

In general, the effective diffusion coefficients have a smaller influence on the peak 
release rates for sorbing species than the corresponding Kd values in the buffer. For 
radionuclides that sorb strongly on the buffer, Kd in buffer is usually the most important 
parameter for the peak release rate from the near field in both the hole-forever and 
growing-hole cases. The influence of Kd in buffer on the peak release rates to the surface 
environment is much smaller because radionuclides with strong sorption on the buffer 
usually also sorb strongly on the rock matrix, and their peak release rates to the surface 
environment are controlled mainly by geosphere parameters.  
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Since the model includes the intrusion of bentonite into the internal void space of the 
canister, Kd in buffer has a two-fold effect on sorbing radionuclides: (i) delaying the 
transport through the buffer and (ii) reducing the concentration in solution in the water 
inside the canister. As a consequence, the importance of Kd in buffer is greater when 
buffer intrusion is considered than when it is not.  

9.6.3 Other deposition tunnel and backfill parameters 

In the Monte Carlo simulations, Porosity (anions) in backfill has no effect on the peak 
release rates of the anionic species (Cl-36, I-129 and Se-79) from the near field to the 
geosphere and from the geosphere to the surface environment.  

For many radionuclides, De in backfill has some effect on their peak release rates from 
the near field and to the surface environment in both the hole-forever case and the 
growing-hole case, the greatest effect being observed for Cs-135.  

Although many radionuclides sorb similarly on the buffer and backfill, only for a few of 
them does Kd in backfill affect their peak release rates, and the values of the sensitivity 
measures are always very small. 

It is noteworthy that, when identified as relevant, De and Kd in backfill are always 
negatively correlated with the corresponding peak release rate, i.e., decreasing the value 
of De or Kd in backfill produces a (small) increase in the peak release rate. The negative 
correlation of Kd in backfill was expected, but the negative correlation of De in backfill 
is more surprising. The explanation is that increasing De in backfill favours the transport 
through the tunnel, increases the release rate from the top of deposition hole into the 
tunnel and reduces the release rate from the defect, through the 35 cm of buffer, to the 
damaged rock around the deposition hole, which controls the releases from the near 
field.  

For most radionuclides, the parameter Tunnel length has no effect on peak release rates 
from the near field to the geosphere and from the geosphere to the surface environment. 
Only for a few radionuclides does Tunnel length have a (very small) effect on peak 
release rates to the surface environment, and there is always a negative correlation with 
the peak release rate.   

The results suggest that the main effect of the tunnel backfill is to act as a temporary 
sink for a fraction of the radionuclides that otherwise would be released earlier from the 
near field to the rock. This positive effect (because it reduces the peak release rates) of 
the tunnel outweighs the negative effect of introducing an additional release path from 
the deposition hole to the surface environment (TDZ-path), as discussed further in 
Section 9.6.6. 

9.6.4 Damaged zone around the deposition holes 

In the Reference Case and in the Monte Carlo simulations described previously, a 
hydraulically significant damaged rock zone is assumed to exist around the deposition 
holes. This damaged rock affects both groundwater flow and the release of 
radionuclides from the repository near field to the geosphere. The volume of water in 
the damaged rock between the model fracture intersecting the deposition hole and the 
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top of the hole is assumed to be well mixed (homogeneous radionuclide concentrations). 
In Appendix C, this assumption is shown to be reasonably cautious compared with other 
possible assumptions. The hydraulic properties of the damaged rock are, however, 
uncertain. Thus, a further flow and transport model variant is also considered in which 
there is no damaged zone of hydrogeological significance around the deposition hole. 

In this model variant, radionuclide transfer between the buffer and flowing water in 
fractures intersecting the hole takes place by diffusion only. Radionuclide transfer, 
controlled by the equivalent near-field flow rate QF, is in this case quantified using the 
concept of the boundary layer (film) resistance and the flow-rate per unit width in the 
adjoining fracture, as described in Section 4.2.2. Groundwater flow modelling with and 
without rock damage around the deposition hole has been carried out for boundary 
conditions corresponding to 2000 AD (cases ps_r0_2000 and ps_r0_2000_no_spall, 
respectively, see Table 4-1). As illustrated in Figure 9-17, the values of QF are, for most 
deposition holes, smaller when rock damage around the deposition is omitted, although, 
for a few hole locations, it can be larger21. QDZ and QTDZ are similar, on average, in both 
cases. The results from groundwater flow cases ps_r0_2000 and ps_r0_2000_no_spall 
have been used to analyse the effect of damaged rock around the deposition hole on 
radionuclide retention and transport in further Monte Carlo simulations and in a 
deterministic, complementary calculation case, CS3-HYCON. 

Two Monte Carlo simulations, each with 5000 realisations, have been performed using 
the model with hydraulically significant rock damage around the deposition hole and a 
modified model without such rock damage. In each realisation, a deposition-hole 
location is selected at random, and the values of the model parameters QF, QDZ, QTDF, 

qTDZ and Tunnel length for that hole location are sampled from the corresponding 
groundwater flow model results file. The values of the rest of the parameters are, for a 
given realisation, the same in both Monte Carlo simulations. They are sampled from the 
same PDFs used in the Monte Carlo simulations for the PSA. Only release rates from 
the near field have been calculated.  

Figures 9-18 to 9-21 show the peak normalised release rates from the near field with 
and without hydraulically significant rock damage around the deposition hole for the 
main radionuclides and the whole inventory (total) in the 5000 realisations of the Monte 
Carlo simulations. The scatter plot for I-129 is not included because it is very similar to 
that for Cl-36 (Figure 9-20), Cl-36 and I-129 both being long-lived, non-sorbing 
radionuclides. 

                                                 

21This is a result of variability in flow-rates in adjoining fractures in cases where those fractures are 
relatively large. Without the damaged zone, the average flow-rate in the adjoining sub-fracture is used, 
which may extend up to around 10 m from the hole, whereas, with the damaged zone, only the local flow-
rate through the damaged zone is used. 
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Figure 9-17. Equivalent near field flows for all deposition-hole locations with and 
without the assumption of hydraulically significant rock damage around the deposition 
hole (data from groundwater flow modelling cases ps_r0_2000 and 
ps_r0_2000_no_spall). 	  
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Figure 9-18. Scatter plot of the peak total normalised release rate from the near field 
with and without the assumption of hydraulically significant rock damage around the 
deposition hole. 

 

Figure 9-19. Scatter plot of C-14 peak total normalised release rate from the near field 
with and without the assumption of hydraulically significant rock damage around the 
deposition hole. 
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Figure 9-20. Scatter plot of Cl-36 peak total normalised release rate from the near field 
with and without the assumption of hydraulically significant rock damage around the 
deposition hole. 

 

Figure 9-21. Scatter plot of Cs-135 peak total normalised release rate from the near 
field with and without the assumption of hydraulically significant rock damage around 
the deposition hole. 
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In the hole-forever case, the peak release rates of non-sorbing radionuclides (Cl-36 and 
I-129) from the near field are little affected by the rock damage around the deposition 
hole (consistent with the finding that QF is not an important parameter for these 
radionuclides, see Section 9.6.1). In the growing-hole case, the peak release rates of 
non-sorbing radionuclides (Cl-36 and I-129) are, however, smaller without rock damage 
than with rock damage in the great majority of realisations. 

For radionuclides that sorb on the buffer and backfill, the damaged rock around the hole 
has a significant effect in both the hole-forever and growing-hole cases; in most 
realisations, omitting the rock damage leads to a marked decrease of the peak release 
rates of these species (especially for C-14, which is assumed to sorb when in inorganic 
form), but there are many realisations in which neglecting the rock damage increases the 
peak release rate (mainly for Cs-135). Although rock damage leads generally to an 
increase in the near-field flow QF, which tends to increase peak near field release rates, 
it also produces effects that tend to reduce releases. In particular, rather than migrating 
directly from the hole through the buffer to the fracture, radionuclides are first mixed 
with the water in the damaged zone, which extends from the fracture that intersects the 
deposition hole vertically upwards to the tunnel. From there they can either pass to the 
fracture that intersects the hole or to the EDZ of the deposition tunnel (F- and DZ-
paths). They can also migrate back into the buffer in the upper part of the deposition 
hole, which retards releases to the geosphere, especially in the case of sorbing 
radionuclides. 

Table 9-7 shows the percentages of the 5000 realisations in which peak release rates are 
greater without hydraulically significant damaged rock around the deposition hole than 
with such damage. The results obtained show that assuming hydraulically significant 
rock damage around the deposition hole in the model leads, in general, to higher peak 
release rates from the near field, although the effect can be the opposite, depending on 
the full set of parameter values used. 

In the deterministic, complementary calculation case CS3-HYCON, flow-related near-
field transport parameters were taken directly from ConnectFlow output files for 
groundwater flow modelling case ps_r0_no_spall_2000, which assumes no 
hydraulically significant rock damage around the deposition holes. As in the Reference 
Case, the defective canister is assumed to be emplaced in deposition hole 381, which 
has been shown to be a cautious assumption for this particular DFN realisation (i.e. 
DFN realisation r0, which is the same realisation as used in the Reference Case). Flow-
related near-field transport parameter values for CS3-HYCON are shown in Table 9-8, 
and compared with those of the Reference Case.  
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Table 9-7. Percentage of the realisations in which the near-field peak release rates 
increase when no hydraulically significant rock damage around the deposition hole is 
considered. 

 C-14 Cl-36 Cs-135 I-129 Total 

Realisations with some increase 

Hole forever 13.3 17.1 20.6 16.6 15.8 

Growing hole 6.5 2.7 12.9 2.7 4.9 

Realisations with increase > 10 % 

Hole forever 10.9 2.3 17.3 0.3 7.2 

Growing hole 5.4 2.1 11.1 2.2 4.1 

 

Table 9-8. Near-field flow-related parameter values for the Reference Case (BS-RC) 
and for case CS3-HYCON. L is the horizontal distance along the deposition tunnel from 
the deposition hole to the downstream fracture to which radionuclides following the 
TDZ-path are assumed to be released. 

Deposition hole 
QF 
[m3/a] 

QDZ 
[m3/a] 

QTDZ 
[m3/a] 

qTDZ 
[m/a] 

L 
[m] 

BS-RC 6.14·10-3 2.69·10-4 2.39·10-3 2.65·10-5 5.84 

CS3-HYCON 5.01·10-4 1.63·10-3 3.07·10-4 1.68·10-5 6.39 

 

 

The most sensitive of these parameters, according to the PSA, is QF (see Section 9.6.1) 
This is reduced by more than an order of magnitude compared with the Reference Case. 
QDZ is increased compared with the Reference Case, whereas QTDZ and qTDZ are 
reduced. 

Figure 9-22 shows evolution of the near-field release rates via the F-path, the DZ-path 
and the TDZ-path in the Reference Case (BS-RC) and in CS3-HYCON. The lower 
value of QF in CS3-HYCON results in a peak near-field release via the F-path that is 
around an order of magnitude lower than in the Reference Case. Release via the TDZ-
path is also reduced. However, release via the DZ path is increased, and the DZ-path 
gives the highest peak near-field release in case CS3-HYCON. Total peak release is, 
nevertheless, higher in the Reference Case than it is in CS3-HYCON.  
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Figure 9-22. Evolution of radionuclide release rates from the near field via the F-, DZ- 
and TDZ-paths, and the sum over all paths, in CS3-HYCON and in the Reference Case 
(BS-RC).  

9.6.5 Deposition tunnel EDZ 

In the groundwater flow modelling, the deposition tunnel EDZ is represented as a 
transmissive structure situated below the tunnel. In the central case and in the majority 
of other cases (including ps_r0_5000), the EDZ is assumed to be discontinuous, i.e. 
broken into discrete sections with gaps in between, see Figure 4-3. The properties of the 
EDZ are, however, subject to uncertainty, and hence the following alternative 
groundwater flow cases have been considered:  

 case ps_r0_cont_edz_2000, which assumes there is a continuous EDZ below the 
tunnel, the properties of which are the same as those of the discontinuous EDZ 
considered in other cases; 

 case ps_r0_no_edz_2000, which assumes there is no EDZ below the tunnel floor 
(however, there is rock damage around the deposition hole as in the central case); 
and 

 case ps_r0_condx10_2000, which assumes that the geometry of the EDZ and rock 
damaged zones around the deposition holes are the same as in the central case, but 
their hydraulic conductivities are increased by a factor of ten. 

It has already been discussed, in the context of Figure 4-8, that the key near-field 
parameter QF + QDZ is significantly reduced in ps_r0_no_edz_2000 compared with 
other runs, increased in ps_r0_cont_edz_2000, and increased more significantly in 
ps_r0_condx10_2000. Figure 9-23 presents cumulative distribution functions (CDFs) 
for QF + QDZ in the three groundwater flow modelling cases mentioned above, and in 
the central case. 
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Figure 9-23. Cumulative distribution functions (CDFs) of the near-field equivalent flow 
rate QF + QDZ in the central case, and in cases ps_r0_cont_edz_2000 (continuous 
tunnel EDZ), ps_r0_no_edz_2000 (no tunnel EDZ) and case ps_r0_condx10_2000 
(conductivity of tunnel EDZ and deposition hole damaged zone × 10).  

 

The figure shows that, in all cases other than case ps_r0_condx10_2000, the highest 
values of QF + QDZ are quite similar, indicating that the assumption of either no EDZ or 
of a continuous EDZ would not significantly affect radionuclide releases for the least 
favourable deposition holes.  

On the other hand, the assumption of a higher conductivity for the EDZ and deposition 
hole damaged zone leads to values of QF + QDZ that exceed those of the central case by 
around an order of magnitude. This is a larger effect than expected, since, in the central 
case, the EDZ is discontinuous and there should thus be a hydraulic choke to flow along 
the EDZ. To bridge each gap in the EDZ, the flow often has to leak through 0.5 m of 
tunnel backfill with a relatively low hydraulic conductivity of 10-10 m/s. Natural 
fractures and the deposition hole damaged zone can in some instances bridge some the 
gap. However, the expected behaviour is that QF + QDZ should be relatively insensitive 
to EDZ hydraulic conductivity. Upon investigation, it was found that this effect is 
associated with the spatial discretisation in the groundwater flow model. As reported in 
an appendix to Hartley et al. (2012a), the calculated results for QF + QDZ may have been 
slightly overestimated for the central case, and more significantly22 overestimated for 

                                                 

22 The subsequent use of a more refined mesh in the tunnels and deposition holes lead to a reduction in 
QDZ by a fractor of around 2 (see the appendix of Hartley et al. 2012a).  
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the case ps_r0_condx10_2000. The results are therefore cautious with respect to 
radionuclide release and transport along the F- and DZ-paths, and are used in the 
following analysis of radionuclide release and transport. 

Figures 9-24 to 9-26 show the peak normalised release rates from the near field 
calculated using flow-related transport parameter values for three groundwater flow 
modelling cases described above, comparing these with release rates calculated using 
the central case flow related parameter values. Monte Carlo simulations with 5391 
realisations have been performed for each case. For a given realisation, all the random 
input parameters take the same values each of the Monte Carlo simulations, with the 
exception of the near-field flows, which are sampled from the respective ConnectFlow 
results files. 

 

Figure 9-24. Scatter plot of the peak total normalised release rate from the near field 
with near-field flows sampled from the central case groundwater flow modelling results 
file and from the results file for ps_r0_no_edz_2000 (no tunnel EDZ). 
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Figure 9-25. Scatter plot of the peak total normalised release rate from the near field 
with near-field flows sampled from the central case groundwater flow modelling results 
file and from the results file for ps_r0_cont_edz_2000 (continuous tunnel EDZ). 

 

Figure 9-26. Scatter plot of the peak total normalised release rate from the near field 
with near-field flows sampled from the central case groundwater flow modelling results 
file and from the results file for ps_r0_condx10_2000 (conductivity of tunnel EDZ and 
deposition hole damaged zone × 10). 

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01

Peak total normalised release rate from the near field in the Central Case

P
ea

k 
to

ta
l 

n
o

rm
al

is
ed

 r
el

ea
se

 r
at

e 
fr

o
m

 t
h

e 
n

e
ar

 
fi

e
ld

 w
it

h
 c

o
n

ti
n

u
o

u
s 

tu
n

n
el

 E
D

Z        Growing hole 
       Hole forever

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01

Peak total normalised release rate from the near field in the Central Case

P
ea

k 
to

ta
l 

n
o

rm
al

is
ed

 r
el

ea
se

 r
at

e 
fr

o
m

 t
h

e 
n

e
ar

 
fi

el
d

 w
it

h
 c

o
n

d
u

c
ti

v
it

y
 i

n
 t

u
n

n
e

l 
E

D
Z

 a
n

d
 d

ep
o

s
it

io
n

 
h

o
le

 d
am

ag
ed

 z
o

n
e 

x 
10

       Growing hole 
       Hole forever



225 

 

The figures show that the differences in QF + QDZ between the various cases are 
reflected in the peak total normalised release rates. Peak total normalised release rates 
with no deposition tunnel EDZ are smaller than those using central-case flows in most 
realisations. On the other hand, a continuous tunnel EDZ produces slightly greater peak 
release rates than do the central case flows. Finally, where the hydraulic conductivities 
of the EDZ and damaged zones are increased by a factor of ten, the significant increase 
in QF + QDZ values produces a clear increase of the peak total normalised release rate 
from the near field in most realisations. 

9.6.6 Deposition tunnel backfill as a transport path 

The transport models used in the Reference Case and in the Monte Carlo simulations 
include transport through the deposition tunnel. Radionuclides diffuse vertically from 
the top of the deposition hole and enter the deposition tunnel, where they are transported 
by diffusion and advection through the backfill until reaching a water-conducting 
fracture that intersects the deposition tunnel. Radionuclides pass to the water flowing 
through that fracture (with an equivalent flow QTDF) and are then transported through 
geosphere TDZ-path and eventually reach the surface environment. 

Including the deposition tunnel in the calculations adds a third pathway to the surface 
environment, but the transport distance through the buffer above the canister and 
through the backfilled tunnel is much longer (several metres) than through the buffer 
(35cm). Transport along this path thus generally takes longer than radial transport 
through the buffer. However, the retention and transport properties of the tunnel backfill 
are both heterogeneous and uncertain. 

From the results of the PSA (Section 9.6.3), it is expected that a simplified transport 
model that represents only the deposition hole will give results very similar to those 
obtained with the complete model that represents the hole and the tunnel, but that the 
releases may be slightly larger in the simplified model. To further investigate this point, 
two Monte Carlo simulations with 3000 realisations have been performed, one for the 
hole-forever case and one for the growing hole-case, with the tunnel omitted from the 
models. The results are compared with those obtained with the complete models in 
Figures 9-27 to 9-29. 

In only 60 realisations (out of 3000) of the hole-forever case and 41 realisations of the 
growing-hole case does the peak total normalised release rate from the near field to the 
geosphere increase if the transport model includes the deposition tunnel. In these 
realisations: 

 QTDF is the only non-zero near-field flow rate (QF= QDZ= 0); or 

 QF and QDZ are much smaller than QTDF, and Tunnel length is just a few metres. 

In 449 realisations (out of 3000) of the hole-forever case and 207 realisations of the 
growing-hole case, the peak total normalised release rate to the surface environment 
increases if the transport model includes the deposition tunnel, although in only 75 and 
118 realisations, respectively, is this increase greater than 10 %. In many of these 
realisations, transport through the geosphere path associated with the tunnel (the TDZ-
path) is faster than through the other two paths (the F- and DZ-paths).   
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Figure 9-27. Peak total normalised release rates from the near field to the geosphere 
(upper graph) and from the geosphere to the biosphere (lower graph). Results with the 
complete model (hole and tunnel) and a model that only represents the deposition hole 
in Monte Carlo simulations with 3000 realisations. 
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Figure 9-28. Peak I-129 normalised release rates from the near field to the geosphere 
(upper graph) and from the geosphere to the biosphere (lower graph). Results with the 
complete model (hole and tunnel) and a model that only represents the deposition hole 
in Monte Carlo simulations with 3000 realisations.  
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Figure 9-29. Peak Cs-135 normalised release rates from the near field to the geosphere 
(upper graph) and from the geosphere to the biosphere (lower graph). Results with the 
complete model (hole and tunnel) and a model that only represents the deposition hole 
in Monte Carlo simulations with 3000 realisations.  

 

In the realisations with the highest peak release rates from the near field to the 
geosphere or from the geosphere to the surface environment, omitting the deposition 
tunnel from the model is always a cautious simplification: peak release rates remain 
unchanged or increase slightly compared with the model with the tunnel included.  

1.E-15

1.E-14

1.E-13

1.E-12

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-15 1.E-13 1.E-11 1.E-09 1.E-07 1.E-05 1.E-03
Peak normalized release rate from the near field (hole and tunnel) 

P
ea

k 
n

o
rm

al
iz

ed
 r

el
ea

se
 r

at
e 

fr
o

m
 t

h
e 

n
ea

r 
fi

el
d

 (
o

n
ly

 
h

o
le

)

   Hole forever
     Growing hole

Cs-135

1.E-15

1.E-14

1.E-13

1.E-12

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-15 1.E-13 1.E-11 1.E-09 1.E-07 1.E-05 1.E-03
Peak normalised release rate to the biosphere (hole and tunnel) 

P
ea

k 
n

o
rm

al
is

ed
 r

el
ea

se
 r

at
e 

to
 t

h
e 

b
io

sp
h

er
e 

(o
n

ly
 h

o
le

)

   Hole forever
     Growing hole

Cs-135



229 

 

9.6.7 Aperture of fractures intersecting the deposition tunnel 

Assuming the presence of a rock damaged zone around the deposition holes, fracture 
transport aperture does not affect the transfer rates of radionuclides from the near field 
to the host rock via the F- and DZ-paths (see Section 4.2.2). The rate of transfer via the 
TDZ-path is, however, affected. The mass transfer from the water flowing along the 
deposition tunnel to the flowing groundwater in a fracture intersecting the tunnel is 
assumed to be limited by the boundary layer (film) resistance. Using this concept, the 
equivalent flow rate QTDF is a function of the flow in the fracture, the diffusivity of ions 
in water in the fracture and the fracture transport aperture (Eq. 4.2-1). Uncertainty in the 
fracture transport aperture is significant and is not addressed directly in the groundwater 
flow modelling. However, the value of QTDF obtained from groundwater flow modelling 
can be scaled to account for different hypotheses regarding transport aperture and its 
relationship to fracture transmissivity, or hydraulic aperture (the hydraulic aperture, in 
metres, being, by definition, 0.0117 × T1/3, where T is the fracture transmissivity, in 
m2/s). 

The transport apertures of natural rock fractures can be significantly larger than their 
hydraulic apertures (see e.g. Gelhar 1987). In the results files generated by groundwater 
flow modelling for TURVA-2012, the fracture transport aperture assumed in deriving 
QTDF is a factor of 10 larger than the hydraulic aperture. This factor is consistent with 
the analysis of the fracture transport aperture by Hjerne et al. (2010) and shown in 
Figure 9-30.  

 

Figure 9-30. Relation between fracture transmissivity and transport aperture, based on 
digitised data from Hjerne et al. (2010, Figure 6-1). For TURVA-2012, fracture 
transport aperture is calculated from the hydraulic aperture by multiplying the 
hydraulic aperture by a constant factor Cv, ranging from 5 to 40, as indicated in the 
figure by the grey zone.  
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Hjerne et al. (2010) analysed a large set of cross-hole tests performed using 
conservative tracers at various test sites in Sweden (Studsvik, Stripa, Finnsjön, Äspö, 
Forsmark, Laxemar). The result of their analysis is a best fit model for the relationship 
between the interpreted fracture transport aperture and the corresponding fracture 
transmissivity. In-situ tracer tests need to be performed along flow paths that are well 
enough connected, so that reasonably high tracer recovery in the abstraction borehole is 
attained. Therefore, most of the fractures that Hjerne et al. (2010) considered in their 
analysis are much more transmissive than the fractures that will provide major part of 
the transport resistance along a typical radionuclide transport path. The relationship 
between measured hydraulic and interpreted volume apertures is also quite scattered. 
Therefore, as an alternative assumption, a fracture transport aperture that is a factor of 
40, rather than 10, larger than the hydraulic fracture aperture is also considered in a 
deterministic, complementary calculation case, CS3-FRACAP. Since the fracture 
aperture is increased by a factor of 4 in CS3-FRACAP compared with the Reference 
Case, assuming that the transmissivities of all fractures to remain the same, the 
equivalent flow rate QTDF is increased by a factor of 2, i.e. from 2.39·0-3 m3/a in the 
Reference Case to 4.78·10-3 m3/a in CS3-FRACAP (see Equation 4.2-1). The PSA 
indicates that fracture transport aperture has no significant effect on geosphere transport 
(for a given fracture flow rate, see Section 9.8.1), and therefore the analysis of CS3-
FRACAP is limited to the near field.  

Figure 9-31 shows evolution of near-field release rates via the F-path, the DZ-path and 
the TDZ-path in the Reference Case (BS-RC) and in CS3-FRACAP. The higher 
equivalent flow rate for transfer from the tunnel to the rock in CS3-FRACAP results in 
a peak near-field release via the TDZ-path that is slightly higher than in the Reference 
Case. The F-path still dominates, and releases via the F-path and DZ-path are little 
changed in CS3-FRACAP compared with the Reference Case.  

 

Figure 9-31. Evolution of the radionuclide release rates from the near field via the F-, 
DZ- and TDZ-paths in case CS3-FRACAP and in the Reference Case (BS-RC). 
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9.6.8 Advective radionuclide transfer from the deposition tunnels to the rock 

In the Reference Case, as noted above, radionuclide transfer from the water flowing 
along the deposition tunnel to the flowing groundwater in a fracture intersecting the 
tunnel is assumed to be limited by the boundary layer (film) resistance (Eq. 4.2-1). This 
assumption is based on the concept that water in the fracture flows smoothly around the 
perimeter of the tunnel. It does not account for the effects of the tunnel EDZ and other 
physical or chemical perturbations to the tunnel-rock interface, which might affect the 
boundary layer resistance. Neither does it account for the part of the fracture flow that 
passes through, rather than around, the tunnel. Rather, the tunnel is viewed as having 
sufficiently low permeability that water from the fracture neither enters nor leaves the 
tunnel to a significant degree, and radionuclide transfer between the tunnel and fracture 
takes place by diffusion only. The possibility that transfer to intersecting fractures is 
advective in nature is considered in the deterministic, complementary calculation case 
CS3-BACTHROUGH. The background to this alternative assumption is described in 
Appendix D. 

In CS3-BACTHROUGH, the equivalent flowrate QTDF in the fracture intersecting the 
deposition tunnel is substituted by Q´TDF, defined in Appendix D as:  

´ 4  ; (9.6-1)

where: 

rTDZ is the effective radius of the tunnel, i.e. (A/), where A is the cross-
sectional area of the tunnel; and 

UTDF is the flow per unit width in the fracture, derived from groundwater flow 
modelling (case ps_r0_5000). 

This definition implies that flow from a section of the fracture with a width of twice the 
tunnel diameter passes into, and out of, the tunnel, transferring radionuclides to the 
fracture by advection (i.e. the tunnel is treated as being a highly conductive structure). 
This formulation is highly cautious, in the sense that it will tend to over-estimate 
radionuclide releases via the TDZ-path. In doing so, it may however, reduce release via 
the F- and DZ-paths, so its overall impact on releases to the geosphere and to the 
surface environment can only be determined by modelling radionuclide release and 
transport explicitly.  

The effective tunnel radius, rTDZ, is taken to be 2.11 m, such that the tunnel cross-
sectional area of 14 m2 is the same as in the Reference Case (see e.g. Figure 3-2). UTDF 
for groundwater flow modelling case ps_r0_5000 is 1.48·10-2 m2/a. Thus, from Eq. 
9.6-1, Q´TDF is 0.125 m3/a. The Reference Case value of QTDF is a factor of about 50 
smaller than this: 2.39·10-3 m3/a. The water flux in the tunnel, qTDZ, is assigned the same 
value as in the Reference Case. 

Figure 9-32 shows evolution of near-field release rates via the F-path, the DZ-path and 
the TDZ-path in the Reference Case (BS-RC) and in CS3-BACTHROUGH. The peak 
near-field release via the TDZ-path is a factor of about 3 higher than in the Reference 
Case, due to the higher equivalent flow rate for transfer from the tunnel to the rock in 
CS3-BACTHROUGH. The increase is more pronounced than that observed when 
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comparing the results for the TDZ-path in CS3-FRACAP with the Reference Case, 
since the change in equivalent flow rate compared with the Reference Case is smaller in 
CS3-FRACAP. However, the F-path still dominates, and releases via the F-path and 
DZ-path are little changed in CS3-BACTHROUGH compared with the Reference Case.  

9.7 Sensitivities and uncertainties related to groundwater and 
porewater type 

Radionuclide retention parameters for the repository system, such as solubilities and 
distribution coefficients, are affected by radionuclide speciation and hence by 
groundwater composition, and the composition of the buffer and backfill porewaters in 
equilibrium with the groundwaters. The selection of reference and bounding waters is 
described in Chapter 5. The Reference Case parameters are based on the assumption 
that the groundwater is of the brackish reference type. The full range of water types has 
been taken into account when defining the PDFs for parameters affected by 
groundwater type in the Monte Carlo simulations (Cormenzana 2012a). 

 

 

Figure 9-32. Evolution of the radionuclide release rates from the near field via the F-, 
DZ- and TDZ-paths in case CS3-BACTHROUGH and in the Reference Case (BS-RC). 
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In this section, complementary cases CS1-HIPH and CS1-BRINE are analysed, which 
are identical to the Reference Case, except that the above-mentioned parameters are 
based on highly alkaline bounding water and on brine bounding water, respectively. 
Other impacts of water type, such as chemical or mineralogical changes to the buffer 
due to high-pH water, are not included in these two cases (possible interaction of the 
buffer with e.g. highly alkaline water is, however, considered in the variant scenario 
VS1 analysed in Chapter 10).  

Highly alkaline water may arise locally in the repository system due to the presence of 
cementitious materials. Brine water is, however, considered highly unlikely to occur at 
repository depth, i.e. based on present knowledge, the salinity of this water type is 
outside the expected range of salinities that could arise in the future. Nevertheless, it is 
of interest to examine its potential effects on radionuclide retention and transport in the 
near field in the unlikely event that such water does reach the repository. 

Near-field release rates in CS1-HIPH and CS1-BRINE are compared with those of the 
Reference Case in Figure 9-33. The peak release is seen to be virtually identical in all 
three cases, being dominated by C-14, which is, for all these waters, assumed to be in 
organic form and to be both non-sorbing and not solubility limited. 

 

Figure 9-33. Total release rates (solid lines) and Cs-135 release rates (dashed lines) 
from the near field to the geosphere in cases CS1-HIPH, CS1-BRINE and in the 
Reference case (BS-RC). 
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Between about 10,000 and 100,000 years, the highest near-field release rates occur in 
case CS1-HIPH. The release in CS1-HIPH during this period is dominated by Nb-94. 
Referring to Chapter 10, Figures 10-3 and 10-5, the sorption coefficient of Nb is lower 
and the solubility limit of Nb more than four orders of magnitude higher for highly 
alkaline water than it is for brackish water, explaining why the Nb-94 release is higher 
in CS1-HIPH compared with the other cases.   

In the longer term, the release rates are higher in CS1-BRINE than in the other two 
cases. This can be understood by comparing the buffer distribution coefficients of 
Cs-135. Figure 9-34 shows that the distribution coefficient of Cs is almost an order of 
magnitude smaller in the case of brine water compared with brackish water (and also 
compared with highly alkaline water). The full sets of diffusion, sorption and solubility 
parameters for the different water types are given in Models and Data for the Repository 
System. 

 

Figure 9-34. Element-specific buffer distribution coefficients for brackish and brine 
waters. 
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The effects of different groundwater in the context of a canister with a defect that 
evolves over time is considered in the analysis of variant scenario VS1 (Section 10.1) 
and (for brine water) in complementary analyses for that scenario (Section 12.1.1). 

9.8 Sensitivities and uncertainties related to geosphere retention and 
transport 

9.8.1 Geosphere retention and transport parameters 

Flow-related parameters 

In the Monte Carlo simulations, of the ten flow-related geosphere transport parameters 
shown in Table 9-2, only WL/Q for DZ-path, Peclet number and WL/Q for F-path 
(usually in this order) have a significant effect on the peak release rates to the surface 
environment, summed over the F-, DZ- and TDZ-paths. This applies to the release rates 
of individual radionuclides and to the release rates summed over all radionuclides. The 
parameters Length of the F-path, Length of the DZ-path and Length of the TDZ-path 
have no effect23 on the peak release rates to the surface environment. This is an 
expected result, since the analytical solution for the release rate to the environment for a 
delta injection of solute depends on Peclet number and on the lumped parameters tW and 
WL/Q, both which include path length in their definition, but does not include path 
length as a separate, independent parameter. The solution also depends on several 
parameters describing diffusion and sorption in the rock.  

According to this analytical solution, tW could, in principle, have some effect on 
radionuclide peak release rates from the near field and to the surface environment. 
However, the PSA has found that varying tW between 10 and 8000 years has no effect 
for most radionuclides, except for some small effects identified for Sr-90 and Nb-93m. 
For a single fracture, tW is equal to the product of WL/Q and the fracture aperture. This 
implies that aperture also has no influence on geosphere transport for most 
radionuclides, as noted in Section 9.6.7. 

For most radionuclides WL/Q for F-path and WL/Q for DZ-path are identified as having 
a significant influence on their peak release rate to the surface environment. In general, 
the importance of the transport resistance is greater for radionuclides with significant 
sorption on the rock matrix. WL/Q for TDZ-path is seldom identified as a relevant 
parameter and always with small values of the sensitivity measure used.  

Peclet number has no statistically significant effect on the total peak normalised release 
rates to the surface environment or on the peak normalised release rates of the three 
most important radionuclides (C-14, Cl-36 and I-129). This is a consequence of the fast 
transport of these three radionuclides through the geosphere. For radionuclides that sorb 
significantly on the rock matrix and are hence transported more slowly through the 
geosphere, Peclet number is one of the flow-related geosphere transport parameters with 
the highest influence on the peak release rate to the surface environment, usually 

                                                 

23 “No effect” here means that there is no effect from varying these length parameters, provided other 
parameters that contain the length parameters in their definition, are kept constant.  



236 

 

ranking fourth in importance after Kd and De in unaltered rock and WL/Q for DZ-path. 
When identified as relevant, Peclet number is negatively correlated with the peak 
release rate to the surface environment, i.e., a decrease of Peclet number (higher 
longitudinal dispersion) produces an increase in their peak release rates. This is because 
higher longitudinal dispersion produces earlier first arrival times where the geosphere 
meets the surface environment, allowing radionuclides to be released to the surface 
environment that otherwise would decay substantially within the repository system or 
would not be released to any significant extent during the million year assessment time 
frame. As a consequence, for radionuclides with high sorption on the rock matrix, 
neglecting dispersion can lead to significantly lower peak release rates, although the 
effect on the peak total normalised release rate to the biosphere is negligible, since this 
peak is dominated by less sorbing radionuclides. 

A more significant issue is the effect of simplifying geosphere transport such that only a 
single transport path is modelled for each of the three starting locations at the near-
field/geosphere interface. In reality, due to the network of geosphere fractures through 
which released radionuclides can travel, multiple paths exist from each starting location 
at the near-field/geosphere interface. Since each path will have different transport 
properties, the result is large-scale (route) dispersion that is likely to have a more 
significant effect on the spreading of releases in space and time than the single-path 
dispersion represented in the Monte Carlo simulations using the Peclet number. The 
impact of route dispersion is analysed in Section 9.8.3. 

Matrix diffusion and sorption parameters 

For radionuclides that sorb strongly on the rock matrix, the parameters with the greatest 
influence on the peak release rate to the surface environment in the Monte Carlo 
simulations, in addition to the flow-related parameters, are those related to diffusion and 
sorption in the rock matrix: Kd and De in unaltered rock. In general, Kd in unaltered 
rock is the dominant parameter because its PDF covers a wider range of values than the 
PDF for De in unaltered rock (from 10-15 to 10-12 m2/s). 

The parameter Maximum penetration depth in the rock matrix has been sampled from a 
PDF that ranges from 0.1 to 10 m. For non-sorbing radionuclides and those that sorb 
only weakly in the matrix (C-14, Cl-36 and I-129), the Maximum penetration depth has 
been identified as an important parameter. On the other hand, for those elements with 
high values of Kd in unaltered rock in all the realisations (such as Cm, Am, Np and Pu) 
the Maximum penetration depth has no effect on their peak release rates to the surface 
environment. For these radionuclides, 0.1 or 10 m of rock matrix gives the same results, 
which implies that they penetrate no more than a few centimetres into the matrix during 
the million year assessment time frame. For Ra-226, the Maximum penetration depth in 
the unaltered rock is not an important parameter, although Kd(Ra) in unaltered rock 
takes very small values in many realisations. This is a consequence of the relatively 
short half-life of Ra-226 (1600 years), which means that radium largely decays before it 
can penetrate more than a few centimetres into the matrix. 

The parameter Porosity of unaltered rock only has a significant effect on the peak 
release rate to the surface environment for non-sorbing or weakly-sorbing radionuclides. 
Since the peak total normalised release rates to the surface environment are controlled 
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by such radionuclides, Porosity of unaltered rock also has a significant effect on the 
peak total normalised release rates to the surface environment. For radionuclides that 
sorb significantly in the matrix, Porosity of unaltered rock has no effect on peak release 
rates to the surface environment. 

9.8.2 Anion exclusion 

As discussed in Section 5.3, the effective diffusion coefficient in the rock matrix is 
expected to be affected by anion exclusion to only a limited extent and the uncertainty 
in this parameter is small compared with the uncertainty and variability in the flow-
related transport resistance (WL/Q). Thus, anion exclusion is not explicitly included in 
calculations of geosphere transport. On the other hand, to bound the maximum possible 
effects of anion exclusion in the geosphere on release rates to the surface environment, 
anions can hypothetically be assumed to migrate instantaneously through the geosphere 
(without spreading or delay)  

In the Reference Case, the only radionuclides considered to migrate in anionic form are 
I-129, Cl-36 and Se-79. In the sensitivity case BS-ANNF, the radioisotopes of silver, 
molybdenum and niobium are also assumed to migrate in anionic form, with zero 
sorption in both the near field and geosphere. Figure 9-35 shows the near-field and 
geosphere release rates of these various anions in BS-ANNFF. The figure shows that, in 
general, the near-field release rates and geosphere release rates are almost identical, 
even though anion exclusion in the rock matrix is not included in the geosphere 
retention and transport model. The evolution the Nb-93m geosphere release rate is 
significantly different from the evolution of its near-field release rate. However, the half 
life of Nb-93m is relatively short (16 years), which means that its geosphere release rate 
is controlled by the retention and transport properties of its parents Zr-93 (with a half 
life of 1.5 million years) and Mo-93 (with a half life of 4000 years). 

It can be concluded that the reduction in geosphere retention that would be produced by 
modelling anion exclusion would have little effect on geosphere release rates, since 
geosphere retention is already so low for anions, at least for the cautious Reference Case 
location for the defective canister that is also assumed in BS-ANNFF.  

 

  



238 

 

 

Figure 9-35. The near-field (solid lines) and geosphere (dashed lines) release rates of 
radionuclides assumed to migrate in anionic form in BS-ANNFF. The near field release 
rates are generally almost identical to the geosphere release rates, even though the 
reduction in geosphere retention that would be caused by anion exclusion in the 
geosphere rock matrix is not modelled. 

 

9.8.3 Effects of route dispersion 

Groundwater flow modelling is used to identify the routes through the geosphere 
followed by radionuclides released to geosphere via the F-, DZ- and TDZ-paths and to 
calculate their transport resistances. The specific technique used is one of particle 
tracking, where typically one particle is used to track the F-path for a given canister 
location, one is used to track the DZ-path and one is used to track the TDZ-path, such 
that each canister location has three potential discharge points to the surface 
environment. However, in reality, due to the network of geosphere fractures through 
which released radionuclides travel and spatial variations in the flow field, multiple 
paths exist from each starting location at the near-field/geosphere interface. In terms of 
the particle-tracking algorithm used in groundwater flow modelling, when a particle 
encounters an intersection in the fracture network, the particle tracking algorithm 
decides which branch leading out of the intersection a particle should take. The decision 
is stochastic, and is weighted according to flow rates to downstream destinations in each 
fracture. If several particles rather than one are used to track the F-, DZ- and TDZ-paths, 
the result will be a distribution of geosphere transport resistances for each path and a 
distribution of discharge points to the surface environment, i.e. dispersion of 
radionuclide releases in space and time. To investigate the extent and consequences of 
this “route dispersion”, the groundwater flow modelling central case (ps_r0_2000) has 
been rerun with 10, rather than one, particle used to track each of the F-, DZ- and TDZ-
paths. 
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It has not proved practicable to analyse radionuclide transport in this case using 
MARFA, due to excessive computer memory requirements. Thus, an alternative 
approach has been adopted using a simplified, analytical model of geosphere transport. 
The model is based on analytical solutions for advection and matrix diffusion to an 
infinite rock matrix and on an approximate analytical solution for advection and matrix 
diffusion to a limited rock matrix. The ability of this model to reproduce MARFA 
results for a more limited set of particle tracks is described in the following paragraphs. 
Then, the application of the analytical model to illustrate the extent and consequences of 
route dispersion is described. 

Simplified analytical model and comparison with MARFA 

The analytical model uses the concept of a geosphere response function, which is the 
radionuclide-specific geosphere breakthrough curve arising from a short (delta-function) 
near-field release. The approach is to convolute the geosphere response function with 
the near-field release rate, calculated using GoldSim, to obtain an approximation to the 
geosphere release rate as a function of time. To derive the geosphere response function, 
the rock matrix adjacent to the geosphere fractures is represented in a simplified manner 
as a homogeneous 3 m layer of unaltered rock, i.e. the possibility of thin fracture 
coatings or thin altered layers adjacent to the fracture surfaces is disregarded. From the 
point of view of flow, the transport paths are characterised by the total geosphere 
transport resistance, WL/Q, and advective delay times of the particle tracked paths 
(without retardation due to matrix diffusion), tw. The analytical model is implemented in 
MATLAB.  

In practice, the geosphere response function most appropriate for representing 
geosphere transport depends on the radionuclide-specific transport parameters (e.g. 
retardation coefficients) and on WL/Q. Two bounding types of the response function 
have been applied in the present application: an analytical solution for unlimited matrix 
diffusion and a Gaussian response function, which approximates the response function 
in the case of a spatially limited rock matrix.  

The Gaussian approximation of the response function for a limited rock matrix can be 
calculated from the exact solution of the advection-matrix diffusion equation (Poteri et 
al. 2012). The Gaussian approximation is based on the mean,  and variance,  of the 
residence time along the transport path, approximated respectively by: 

2  
; (9.9-1)

and  

4
3

 
; (9.9-2)

where Lz [m] is the (3 metre) rock matrix layer thickness, εm [-] is the rock matrix 
porosity, Dm [m

2/s] is the pore diffusion coefficient in the rock matrix, Rm [-] is the 
retardation coefficient in the rock matrix and WL/Q [s/m] is the geosphere transport 
resistance along the transport path. 



240 

 

The Gaussian approximation is accurate when the limitation in the matrix thickness 
strongly affects the solute particle residence times. In the present analysis this is 
assumed to be the case when the maximum level of the response function is determined 
by the Gaussian approximation, instead of the unlimited matrix diffusion response 
function. The maximum level of the response function for unlimited matrix diffusion is 
given by:  

3
2

/

/ 2e /  
; (9.9-3)

where 

 
. (9.9-4)

The maximum level of the response function for the Gaussian approximation is 
calculated from:  

1

√2
 

. (9.9-5)

where σ is determined by Equation 9.9-2, above. The response function for unlimited 
matrix diffusion is applied when , which occurs when: 

.
3 /

e
 

. (9.9-6)

An analytical solution for unlimited matrix diffusion is also applied if the characteristic 
time of diffusion across the three-metre matrix layer considered in the Reference Case, 
td [s], is greater than the radionuclide half-life,  [s]: 

ln2
 

. (9.9-7)

Figure 9-36 shows the distributions of calculated maximum near-field and geosphere 
releases for each release path, calculated for all deposition-hole locations, summed over 
the three non-sorbing radionuclides C-14, Cl-36 and I-129. The distributions of 
geosphere releases have been calculated using both MARFA (discrete points) and the 
simplified, analytical solution (solid line). The near-field releases and the geosphere 
transport resistances (WL/Q values) calculated by particle tracking, with one particle 
track for each of the F-, DZ- and TDZ-paths, are taken from the same groundwater flow 
modelling results as used for the Reference Case (ps_r0_5000). The path numbers 
shown in the figure are ranked in order of decreasing peak geosphere releases according 
to the MARFA calculation. 

The good agreement between the results of the simplified analytical model and MARFA 
indicates that, for these radionuclides at least, the simplifying assumptions noted above 
are reasonable. The near-field release of C-14, Cl-36 and I-129 has a width (i.e. 
duration) of around 15,000 years; this is the median full width of the half maximum of 
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the near-field release. The analytical solution for the case of an infinite rock matrix with 
the properties of the unaltered rock shows that the matrix diffusion response function 
has the same width approximately when the transport resistance WL/Q is greater than 
around 106 a/m. This indicates that spreading of the release pulses due to the matrix 
diffusion alone does not have a great influence on the geosphere release rates except for 
the slower transport paths. However, matrix diffusion also allows more time for 
radioactive decay during transport, and this can have a significant impact on peak 
release rates in the case of C-14, which has a relatively short half-life and tends to 
dominate the peak release rates for the faster transport paths. In this case as well, the 
analytical model gives rather similar results to MARFA. Overall, MARFA results are 
accurately enough reproduced by the simplified analytical model supporting the use of 
this model to illustrate the extent and consequences of route dispersion. 

 

 

Figure 9-36. Maximum geosphere release rates, summed over C-14, Cl-36 and I-129, 
calculated using both MARFA (discrete points) and the simplified, analytical solution 
(solid black line). Maximum release rates from the near-field are also indicated by the 
dashed line grey line. Log10 (WL/Q) for each path calculated by MARFA is indicated by 
the colour of the dots (WL/Q in units of years per metre) according to the scale given on 
the right-hand side of the figure. The reference canister location (deposition hole 381) 
is indicated by the grey dot. 
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Illustration of route dispersion 

To illustrate route dispersion, radionuclide transport modelling has been carried out for 
distributions of geosphere transport resistances (WL/Q values) calculated by particle 
tracking in groundwater flow modelling case ps_r0_2000: 

 with one particle track for each of the F-, DZ- and TDZ-paths; and 

 with ten particle tracks for each of the F-, DZ- and TDZ-paths. 

Note that the groundwater flow modelling case ps_r0_5000 (flow situation at 5000 AD, 
rather than 2000 AD), which was used to provide geosphere transport resistances for the 
radionuclide transport in the Reference Case and in most of the Monte Carlo 
simulations, was only analysed with one particle track for each of the F-, DZ- and TDZ-
paths, and so could not be used to illustrate route dispersion. 

The near-field release used in the calculations was obtained using GoldSim, with flow-
related transport parameters for each deposition hole also obtained from the 
groundwater flow modelling case ps_r0_2000. Where ten particle tracks for each of the 
F-, DZ- and TDZ-paths are modelled in the geosphere, the near-field release to each 
track is divided by ten. 

The distribution of maximum release rates to the surface environment due to releases 
from each of the deposition-hole locations is shown in Figure 9-37. The surface was 
divided into a grid of 50 m × 50 m elements and the evolution of the total release rate to 
each of the elements was computed, summed over the F-, DZ- and TDZ-paths and 
summed over C-14, Cl-36 and I-129. The elements are coloured by the magnitude of the 
maximum release. The top figure shows the distribution of the maximum release for the 
ten particle case and the bottom figure the corresponding one particle case. The spatial 
distribution and magnitudes are quite similar in both cases. As expected, however, the 
ten particle case extends more towards the regions of low release rates. 

Figure 9-38 shows the maximum total release rate from the Reference Case deposition-
hole location (381). Again, the top figure shows the distribution of the maximum release 
rate for the ten particle case and the bottom figure the corresponding one particle case. 
The release points are all off the north coast of the island and the spatial spreading of 
releases due to route dispersion is clearly illustrated. The ten particle case leads to lower 
maximum release rates along individual path, due to the near field release being divided 
between the paths, and the discharge points from the paths are distributed are spread 
over a larger area.  

Figure 9-39 shows ensemble statistics of the maximum release rates summed over C-14, 
Cl-36 and I-129 and over the F-, DZ- and TDZ-paths, calculated using the simplified, 
analytical solution. The three release path types, F-, DZ- and TDZ-path, are treated 
separately by using one particle track or ten particle tracks. The cases compared are: i) 
the whole near field release takes place to one particle track (Npart=1 case), ii) the near 
field release is divided to ten particle tracks and release rates are summed (Mean of 
Npart=10 case) and iii) the whole near field release is assigned to the ten particle tracks 
that gives the highest maximum release rate (Max. of Npart=10 case). The distributions 
clearly indicate that there is a skewed distribution of transport resistances along particle 
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tracks that originate from the same starting location. For low peak release rates, or for 
deposition holes with no release at all, a single particle may follow a track that has a 
higher than average transport resistance from that starting location. However, the figure 
shows that the one particle case is cautious with respect to mean behaviour for canister 
locations with higher peak release rates (i.e. the red line lies slightly above the black 
line). Furthermore, all distributions coincide at the highest peak release rates, indicating 
that the one particle case gives an adequate estimate for transport properties from a 
cautious canister location. 

 

Figure 9-37. Distribution of maximum total release rates to 50 m × 50 m elements on 
the surface due to releases from each of the deposition-hole locations. Log10 of the 
release rate maximum summed over C-14, Cl-36 and I-129 (in Bq per year) is indicated 
by the colour of the dots (the scale on the right-hand side). The top figure shows the ten 
particle case and the bottom figure shows the corresponding one particle case. The 
distances on the x- and y-axes are in metres. 
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Figure 9-38. Maximum total release rate over 50 m × 50 m elements on the surface due 
to releases from the Reference-Case deposition-hole location (381). Log10 of the release 
rate maximum summed over C-14, Cl-36 and I-129 (in Bq per year) is indicated by the 
colour of the dots (the scale on the right-hand side). The top figure shows the ten 
particle case and the bottom figure shows the corresponding one particle case. Only the 
F- and DZ-paths give releases within one million years in the one particle case. The 
distances on the x- and y-axes are in metres. 
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Figure 9-39. Cumulative distributions of the ensemble statistics of the maximum release 
rates summed over C-14, Cl-36 and I-129 and calculated using the simplified, 
analytical solution, with geosphere transport resistances calculated based on either one 
particle track or ten particle tracks. Red line is the distribution over one particle tracks 
per release path, blue line is the distribution in which the whole near field release is 
assigned to the particle track among the 10 particle tracks per path that gives the 
highest maximum release rate and black line is the distribution in which the near field 
release rate is distributed evenly to each of the 10 particles per path and the maximum 
release rate is calculated from the sum of these 10 release rates. 

 

This is further illustrated in Figure 9-40, which shows the time-history of radionuclide 
release, summed over C-14, Cl-36 and I-129 and over F-, DZ and TDZ-paths, for the 
deposition-hole location (381) of the Reference Case. This cautiously chosen location 
gives relatively high geosphere releases compared with other locations. The release 
maximum calculated with ten particle tracks (as a mean release rate over the ten tracks) 
for each of the F-, DZ- and TDZ-paths is about a factor of two smaller than that 
calculated with one particle track for each of the paths, indicating that disregarding 
route dispersion, as has been done in the majority of calculations in this report, is a 
conservative approach for such relatively unfavourable locations. 
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Figure 9-40. Time-history of radionuclide release, summed over C-14, Cl-36 and I-129 
and over F-, DZ- and TDZ-paths, for the Reference Case deposition-hole location (381) 
with geosphere transport resistances calculated using the simplified, analytical solution 
with either one particle track (blue line, NPart = 1) or ten particle tracks (green line, 
NPart = 10) for each of the F-, DZ- and TDZ-paths. The solution obtained with MARFA 
is shown by the red line.  

 

9.9 Summary of the analyses 

In this chapter, the analysis of the base scenario is broadened to examine further the 
sensitivity of the model results to alternative conceptual assumptions and alternative 
parameter values within the ranges of parameter uncertainty, and to obtain a better 
understanding of the modelled system.  

There is a small possibility of there being more than one canister with an initial 
penetrating defect in the repository, and more than one of these canisters could be 
unfavourably located. However, based on an illustrative probability model for the 
reliability of the spent nuclear fuel disposal canister, the expectation value of release 
from multiple failed canisters randomly located in the repository is calculated to be 
significantly less than the release rate in the Reference Case, where a single failed 
canister at a cautiously selected location is postulated. Furthermore, the probability that 
the release maximum from multiple randomly placed defective canisters exceeds that of 
the Reference Case release maximum is low, and is estimated to be about 0.04 %.The 
remainder of the complementary analyses summarised below thus assume only a single 
canister with an initial penetrating defect in the repository. 
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To better understand the sensitivity of the modelled system to parameter uncertainties, 
Monte Carlo simulations with 10,000 realisations and probabilistic sensitivity analyses 
(PSAs) have been carried out for two cases, (i) the “hole forever” case, where the initial 
penetrating defect in the canister overpack remains unchanged over time, and (ii) the 
“growing hole” case, where the defect becomes enlarged after some time. The model 
outputs analysed are the total and radionuclide-specific release rates from the near field 
to the geosphere and from the geosphere to the surface environment, normalised with 
respect to the nuclide-specific constraints for the radioactive releases to the environment 
given in Table 2-1. 

The Monte Carlo simulations and PSAs of the hole-forever and growing-hole cases 
have helped to identify the uncertain input parameters that control the uncertainty in 
model results. In the simulations, the PDFs assigned to the uncertain parameters include 
the uncertainty in the values of model parameters, the variability in groundwater 
composition and the variability in near-field flows and groundwater flow parameters 
across the different deposition-hole locations. This uncertainty and variability in model 
parameters translate into a significant uncertainty in the model outputs, e.g., the value of 
the peak total normalised release rate to the surface environment spans over four orders 
of magnitude. 

It has been shown that C-14, Cl-36 and I-129 control the total normalised release rates 
in the Monte Carlo simulations and that the peak of the mean release rates in the 
growing-hole case is about two orders of magnitude greater than in the hole-forever 
case. The assumption of the growing-hole case that the transport resistance of the defect 
is lost entirely and instantaneously at a given time is, however, unrealistic. In reality, 
any evolution of the defect is likely to occur slowly, reducing the impact on releases. 
The more realistic assumption of a gradually enlarging defect is considered in the 
variant scenario VS1, which is analysed deterministically in Chapter 10. 

In the hole-forever case, Small hole diameter and De in the small hole are identified as 
important parameters controlling the release of most radionuclides. In the growing-hole 
case, these parameters are less important. In this case, the model parameter Time to loss 
of hole resistance, which takes values between 5000 and 50,000 years, is important in 
determining the peak release of C-14, which is the most important radionuclide in the 
10 % of realisations with the greatest peak activity releases to the surface environment.  

Alternative conceptual assumptions have been addressed using further Monte Carlo 
simulations and also deterministic calculations, including complementary calculation 
cases. Key findings are that: 

 assuming that the defect and the enlarged hole (growing hole case) are in the 
canister lid produces, in general, smaller peak release rates from the near field to the 
geosphere and from the geosphere to the surface environment than the Reference 
Case assumption where they are placed in the side of the canister; 

 the alternative assumption that the defect becomes filled with bentonite reduces the 
total near-field release and the peak release via each of the three paths by up to 
about an order of magnitude; 
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 crud inventory, if treated as part of the IRF, has no significant influence on peak 
radionuclide release rates;  

 the assumption of rock damage around the deposition hole, as made in the 
Reference Case, generally produces higher peak release rates from the near field 
than a model that does not include such rock damage; 

 the conceptualisation of the EDZ as a discontinuous and hydraulically significant 
feature generally results in somewhat lower peak release rates than a continuous 
EDZ and higher peak release rates than if the EDZ is assumed not to be 
hydraulically significant, although the effects on releases from the least favourably 
located deposition holes is small; 

 assigning a higher hydraulic conductivity to the rock damaged zones around the 
deposition holes and to the EDZ results in an increase in the peak release rates from 
the near field; 

 alternative assumptions related to the transfer of radionuclides from the tunnel 
backfill to the rock can lead to higher releases via the TDZ-path, although the F-
path remains dominant and hence total release rates are not significantly affected by 
these alternative assumptions; 

 the main effect of the tunnel backfill is to act as a temporary sink for a fraction of 
the radionuclides that otherwise would be released earlier from the near field to the 
rock; this positive effect (because it reduces the peak release rates) of the tunnel 
outweighs the negative effect of providing an additional release path from the 
deposition hole to the surface environment (TDZ-path); 

 groundwater type has no significant effect on peak near-field radionuclide release; 
longer-term effects can be explained in terms of differences in retention parameters 
(see also Section 12.1.1); 

 the reduction in geosphere retention that would be produced by modelling anion 
exclusion would have little effect on geosphere release rates, at least for the 
cautiously selected Reference Case location for the defective canister; 

 at the Reference Case defective canister location, the peak geosphere release 
calculated taking into account ten transport paths through the geosphere fracture 
network for each of the F, DZ and TDZ near-field release points is about a factor of 
two smaller than the peak release calculated with just one path, indicating that 
disregarding route dispersion is a cautious approach for such relatively 
unfavourable locations. 
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10 ANALYSIS OF VARIANT SCENARIOS 

This chapter presents an analysis of variant scenarios that postulate degraded 
performance of a single safety function or the combined effects of degraded 
performance of more than one safety function. The following variant scenarios are 
analysed: 

1. VS1, which considers an enlarging defect and degradation of the buffer around a 
defective canister, is analysed in Section 10.1. 

2. VS2, which considers corrosion failure following buffer erosion, is analysed in 
Section 10.2. 

The rationale for the selection of these variant scenarios is presented in Formulation of 
Radionuclide Release Scenarios. A summary of the analysis is presented in Section 
10.3. 

Calculation cases that fall within the scope of these variant scenarios are classified as 
sensitivity cases. Further, complementary calculations that illustrate the behaviour of the 
modelled system in the variant scenarios and explore more speculative model 
assumptions and alternative parameter values are described in Chapter 12. 

10.1  Enlarging defect/degradation of the buffer around a defective 
canister (VS1) 

10.1.1 Summary of the scenario 

In Variant Scenario 1 (VS1) it is assumed that processes occurring at the buffer/rock 
interface, including possible interactions of the buffer with highly alkaline water from 
cementitious repository materials, lead to a degradation of the outer part of the buffer 
and to a partial loss of its radionuclide retention capacity. It is assumed that there is an 
initial penetrating defect in one of the canisters in the repository. Enhanced transport of 
corrosive agents, such as sulphide, from the rock to the canister when the buffer is 
degraded may accelerate corrosion of the insert of this defective canister, as well as the 
overpack. It is assumed that the defect thus becomes enlarged over time due, for 
example, to volume expansion of the insert as it corrodes or to corrosion of the copper 
overpack.  

10.1.2 Calculation cases and overall modelling approach 

Calculation cases for this scenario assume that the defective canister is located in the 
same cautiously selected deposition hole as assumed in the Reference Case. Also as in 
the Reference Case, a transport path from the internal void space of the canister to the 
canister exterior is assumed to be established after 1000 years. Unlike the Reference 
Case, it is assumed that the defect becomes enlarged over time and its transport 
resistance gradually diminishes. From the time of first radionuclide release, the buffer is 
also assumed to be degraded near its interface with the rock. A complementary analysis 
of the effect of the assumed thickness of the degraded buffer zone is presented in 
Chapter 12 (Section 12.1.2). Diffusion is assumed to remain the dominant transport 
process in the degraded part of the buffer. Anion exclusion is, however, disregarded and 
the diffusion coefficient is set to a relatively high value. Furthermore, the capacity of the 
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degraded part of the buffer to sorb radionuclides is assumed to be lost (this is a cautious 
assumption; if the buffer continues to provide diffusion-dominated transport, it is also 
likely to provide some retention due to sorption). 

There are three calculation cases analysed in this scenario, VS1-BRACKISH, VS1-
HIPH-NF and VS1-HIPH. In VS1-BRACKISH, diffusion, sorption and solubility 
parameters for the near field (excluding the degraded part of the buffer) and the 
geosphere are the same as those of the Reference Case (i.e. brackish water is assumed to 
be present). In case VS1-HIPH-NF, these parameters are set assuming the presence of 
highly alkaline water in the repository near field (highly alkaline water is a potential 
cause for the partial degradation of the buffer). Case VS1-HIPH considers the 
possibility of highly alkaline water in the geosphere, as well as in the near field. The 
reference and bounding waters used for these analyses are described in Section 5.2. A 
further complementary analysis that examines the effects of the bounding brine 
groundwater type on radionuclide release in this scenario is also presented in Chapter 12 
(Section 12.1.1). 

10.1.3 Model parameters 

Starting at 1000 years, the defect is assumed to grow by 0.375 mm per 1000 years, such 
that there is a 10 mm defect at 25,000 years. The defect size stays constant thereafter. 
Although the rate and extent of enlargement are somewhat arbitrarily chosen, the model 
is considered more realistic than the growing-hole case considered in Chapter 9, where 
the transport resistance of the initial small hole is assumed to be lost instantaneously and 
completely. Note that, unlike the growing-hole case considered in the Monte Carlo 
simulations described in Chapter 9, the enlarged hole considered in the present variant 
scenario is still small enough to retain some transport resistance. 

Diffusion, sorption and solubility parameters for the different water types are given in 
Models and Data for the Repository System. The outermost 3.5 cm of the buffer, i.e. 10 
% of the overall buffer thickness, is assumed to be degraded. The value of 10 % is 
cautiously selected based on experimental observations of e.g. piping erosion (see e.g. 
Sane et al. 2012). Note that any piping would only occur during the transient period 
when the repository saturates, following which buffer swelling would lead to 
homogenisation and closure of pipes, although some inhomogeneity may remain. 
Furthermore, bentonite/cement interaction on this scale is only likely when a large 
cement body is in direct contact with the buffer. Nevertheless, the case is of interest as 
an analysis of the situation where the buffer, for whatever reason, has been degraded.  

In the degraded part of the buffer, the effective diffusion coefficient is cautiously set 
equal to that of ions in free water, taken to be 10-9 m2/s, multiplied by the porosity of 
0.43, i.e. the porosity of the degraded buffer is the same as that of the bulk of the buffer, 
and no credit is taken for anion exclusion. 

10.1.4 Radionuclide release rates 

Figure 10-1 shows the evolution of near-field release rates via the F-path, the DZ-path 
and the TDZ-path in the Reference Case and in case VS1-BRACKISH. The release rate 
maximum in VS1-BRACKISH is increased by about one order of magnitude compared 
with the Reference Case. The F-path is the dominant pathway in both cases. The issue 
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of whether this increase is mainly due to the perturbation of the buffer or to enlargement 
of the defect over time is examined in the complementary analysis in Section 12.1.2. 

Figure 10-2 shows the geosphere releases summed over the three pathways and over all 
calculated radionuclides for the three cases VS1-BRACKISH, VS1-HIPH and VS1-
HIPH-NF (which differs from VS1-HIPH in that high-pH conditions are considered 
only in the near field). The peak geosphere releases are similar in all three VS1 cases, 
with the main differences occurring in the subsequent releases up to a million years. The 
peak is dominated by C-14. Notable differences in the nuclide-specific release rates are: 

 the higher release rates of Ni-59 in VS1-BRACKISH compared with the other 
cases;  

 the higher release rates of Pd-107 in VS1-BRACKISH and in VS1-HIPH-NF 
compared with VS1-HIPH; and 

 the lower release rate of Mo-93 in case VS1-BRACKISH compared with the other 
two cases. 

 

 

Figure 10-1. Evolution of radionuclide release rates from the near field via the F-, DZ- 
and TDZ-paths in the Reference Case and in case VS1-BRACKISH. 
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Figure 10-2. Geosphere release rates, summed over the three pathways and over all 
calculated radionuclides, for the sensitivity cases VS1-HIPH (solid lines) and VS1-
HIPH-NF (dashed lines) and VS1-BRACKISH (dash-dotted lines). Release rates 
summed over all three pathways for individual radionuclides are also shown. 

 

Figure 10-3 compares the buffer distribution coefficients for brackish and highly 
alkaline waters. Figure 10-4 compares the geosphere distribution coefficients in the 
unaltered rock matrix for these two water types. Figure 10-5 compares solubility limits 
in the internal void space of the canister. The full sets of diffusion, sorption and 
solubility parameters for the different water types are given in Models and Data for the 
Repository System. These comparisons show that the solubility of Ni is considerably 
higher and distribution coefficients lower for brackish water than they are for highly 
alkaline water, consistent with the higher release rates of Ni-59 in VS1-BRACKISH 
compared with the highly alkaline water cases. Pd also sorbs more in the case of highly 
alkaline water than in brackish water, consistent with the higher release rates of Pd-107 
in VS1-BRACKISH compared with the highly alkaline water cases. Mo, by contrast, is 
more sorbing in the case of brackish water than it is for highly alkaline water, 
accounting for its relatively low release rate in VS1-BRACKISH. Differences in the 
release rates can thus be explained qualitatively in terms of the differences in retention 
parameters. 
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Figure 10-3. Element-specific buffer distribution coefficients for brackish and highly 
alkaline waters. 

 

 

Figure 10-4. Element-specific geosphere distribution coefficients for unaltered rock for 
brackish and highly alkaline waters. 
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Figure 10-5. Element-specific solubility limits in the internal void space of the canister 
for brackish and highly alkaline waters. 

 

10.1.5 Comparison with regulatory constraints 

Figure 10-6 shows the overall geosphere release rates in cases VS1-BRACKISH, VS1-
HIPH-NF and VS1-HIPH and in the Reference Case, with the release rates for each 
radionuclide normalised with respect to the regulatory nuclide-specific constraints for 
radioactive releases to the environment (Table 2-1). 



255 

 

 

Figure 10-6. Evolution of the geosphere release rates for the VS1 cases and for the 
Reference Case (BS-RC), with the release rates for each radionuclide normalised with 
respect to the regulatory nuclide-specific constraints for radioactive releases to the 
environment. 

 

The evolution of normalised release with time is almost identical in all three VS1- 
sensitivity cases. The maximum normalised release rate occurs shortly after the dose 
criteria time window, and is around 2·10-3, i.e. about an order of magnitude higher than 
in the Reference Case, but still almost three orders of magnitude below the regulatory 
geo-bio flux constraint. 

10.2  Corrosion failure following buffer erosion (VS2) 

10.2.1 Summary of the scenario 

In Variant Scenario 2 (VS2), chemical erosion of the buffer and backfill is assumed to 
take place due to low ionic strength water penetrating to repository depth, e.g. in 
association with glacial retreat (chemical erosion). Significant buffer erosion is 
considered unlikely, but cannot currently be excluded in at least some of the deposition 
holes. Eventually, in this scenario, advective conditions are established in at least a part 
of the buffer in these deposition holes, leading to accelerated canister corrosion by 
chemical species present in the groundwater, principally sulphide, and eventually to 
canister failure by corrosion (it is assumed that there are no initial penetrating defects in 
the canisters). The degraded buffer has a reduced capacity to retain radionuclides 
released subsequent to canister failure and also acts as a source of bentonite colloids. 
These can sorb radionuclides and transport them relatively rapidly into the geosphere.  
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10.2.2 Calculation cases and overall modelling approach 

The modelling of chemical erosion of the buffer and backfill and corrosion of the 
canister copper overpack is described in detail in Section 7.5 and Appendix B of 
Performance Assessment. A reference case is defined and analysed, along with a 
number of model variants addressing uncertainties in the models of erosion and 
corrosion and their input parameter values. Erosion of the backfill is shown to be 
insufficient to have significant effects on near-field safety functions in all cases 
analysed. Erosion of buffer, however, could lead to a small number of canister failures 
in the million year assessment time frame, although, even in the most cautious cases, no 
canister failures are calculated to occur within the first 100,000 years.  

The analysis of radionuclide release, retention and transport for the VS2 scenario makes 
use of the buffer erosion rates and canister failure times calculated in the performance 
assessment reference case, where four canister failures are calculated to occur within the 
million year assessment time frame. The calculation of the number and location of the 
failed canisters in the performance assessment uses flow-rated parameters from the 
same, single DFN realisation as the present analysis of radionuclide release and 
transport (ps_r0_no_spall_2000, see Table 4-1). The rationale for the choice of the 
groundwater flow model with no damaged zone around the deposition holes is discussed 
below.  

As in the performance assessment erosion/corrosion model, groundwater flow is 
assumed to vary with time in response to changes in the surface environment. In 
particular, increased groundwater flow is assumed to occur during periods of glacial 
retreat. Groundwater composition is also assumed to vary with time, with low ionic 
strength water present during periods of glacial retreat, giving rise to chemical erosion 
of the buffer. Modelling groundwater flow and salinity evolution during the retreat of 
the ice sheet is described in Section 7.1 of Performance Assessment, on the basis of 
which it is assumed that the flow rates are 10 times higher during periods of glacial 
retreat than at other times.  The expected suppression of flow during periods of 
permafrost is, in the present analysis, disregarded. 

To assess the VS2 scenario, a time-dependent velocity factor, fv, is used to scale the 
steady-state groundwater flow rates to account for the periodically increased flow rates. 
The velocity factor used in the reference case erosion/corrosion model is also used in 
the radionuclide transport calculations, and is shown in Table 10-1 for the first glacial 
cycle. Also shown is the assumed evolution of the water type in the geosphere and 
around the deposition holes. Chemistry-related retention and transport parameters are 
assumed to switch periodically between those for brackish water and those for glacial 
water. After an initial temperate 50,000 year period, the pattern of flow and composition 
variations in the following 120,000 year period is assumed to be repeated throughout the 
million year assessment time frame (see Chapter 4 of Performance Assessment).  
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Table 10-1. Velocity factor used to scale the steady-state groundwater flow rates to 
account for increased flow rates during glacial retreat. Also shown is the assumed 
evolution of climate and water type in the geosphere at repository depth around the 
deposition holes. 

Climate  Time window in 
years  
(starting from 
present) 

Water type at 
repository 
depth 

Velocity 
factor, fv 

Comments  

Temperate 

 

0 to 50,000 Brackish 1 
Initial temperate 
period 

 

 

 

 

 

 

 

 

 

Permafrost 
 

50,000 to 105,000 Brackish 1 

120,000 year cycle, 
subsequently 
repeated up to one 
million years 

 

Temperate 

 

 

 

Permafrost  

Temperate 
 

 

Ice sheet 

 

 

 

Permafrost 

 

105,000 to 105,333 Glacial 10  

 

105,333 to 120,000 Brackish 1 
Ice sheet 

 

 

 

Permafrost 

 

120,000 to 120,333 Glacial 10  

 

120,333 to 155,000 Brackish 1 
Ice sheet 

 

 

 

Temperate 

 

155,000 to 155,333 Glacial 10  

 

155,333 to 170,000 Brackish 1  
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Four calculation cases are considered for this scenario, VS2-H1, VS2-H2, VS2-H3 and 
VS2-H4, one for each of the four canisters that are calculated to fail within the million 
year assessment time frame in the erosion/corrosion reference case described in Section 
7.7 of Performance Assessment, assuming a cautious sulphide concentration of 3 mg/L 
and a cautious copper overpack thickness prior to corrosion of 35 mm, which is the 
minimum required copper thickness for the canisters. The releases calculated in each 
case are summed to obtain the release from the whole repository in the VS2 scenario, 
although, as explained below, only one of the cases contributes to the sum in practice. It 
should also be noted that the four failed canisters are located in deposition holes with 
flows at the least favourable (i.e. high) end of the distribution of flows encountered in 
the deposition holes. These flows are based on a single realisation of the DFN 
groundwater flow model and a specific (reference) set of groundwater flow model 
assumptions. As shown in Chapter 4, the broad shapes of the distributions of flow 
properties do not vary greatly between realisations and are generally insensitive to 
model uncertainties. However, the tails of the distributions may be more sensitive. Thus, 
had flow-related transport parameters been based on another groundwater flow 
modelling case, canister failure would most likely have occurred in different deposition 
holes, with somewhat different flow-related parameter values, and the number and 
timings of failures would also have differed from those assumed here. Nevertheless, the 
similarity of distributions of near-field flow-related parameter values observed in 
different DFN realisations (Section 4.4) indicates at least that the number and timings of 
canister failures and the consequent near-field release rates would have been broadly 
similar. The number and timings of canister failures should therefore be regarded as a 
reasonable illustration, but are not to be interpreted as a precise prediction. Indeed, 
Appendix 2 of Formulation of Radionuclide Release Scenarios presents arguments that 
suggest that penetration of low ionic strength water to repository depth will probably 
not occur, and so there will be no canister failures by corrosion following chemical 
erosion of the buffer. Currently, however, a few canisters failures in this scenario cannot 
be ruled out (see also the comparison with regulatory geo-bio flux constraints in Section 
10.2.5). 

The main features of the radionuclide release, retention and transport model used to 
analyse the calculation cases are as follows. 

 When a canister fails, water is assumed to have immediate access to the fuel 
surfaces and a radionuclide transport path from the canister interior to the canister 
exterior is established. No credit is taken for any residual transport resistance in the 
canister. 

 The IRF activity is released to solution immediately upon canister failure. The 
activity in the zirconium alloy, other metal parts and the fuel matrix are released 
congruently with the degradation of these components. 

 Advective conditions are assumed in a ring of partly eroded bentonite extending 
radially 35 cm from the canister wall to the wall of the deposition hole and 
extending vertically above and below the fracture plane, with a total vertical height 
also of 35 cm (Figure 10-7). This ring has increased porosity and hydraulic 
conductivity compared with the bulk of the buffer, but total loss of bentonite is 
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assumed not to occur. The conceptualisation of the partly eroded bentonite region is 
explained further, below. 

 Radionuclides are assumed to be well mixed both in the void space in the canister 
interior and in the 35 cm × 35 cm eroded bentonite ring. 

 Because advective conditions are assumed to exist between the failed canister and 
the fracture, the F-path is the dominant transport path and is the only path 
considered in the calculations.  

 As elaborated below, the values assigned to the near-field and geosphere retention 
and transport parameters take account of (i) variations of flow rate with time, (ii) 
the effects of the presence of the eroded bentonite ring on flow and (iii) the 
presence of bentonite colloids from the eroding buffer, which increases the rate of 
transfer to the geosphere of any radionuclides that sorb onto them. 

 Diffusion is modelled between the porewater in the ring of partly eroded bentonite 
and that of the remaining, undisturbed bentonite. Sorption is modelled in both the 
disturbed and undisturbed bentonite.  

 The chemistry-related properties of the near field and geosphere (distribution 
coefficients, solubility limits, effective diffusion coefficients and accessible 
porosity) vary with time, alternating between values for brackish water and, when 
low ionic strength water is assumed to be present at repository depth, values for 
glacial water (Models and Data for the Repository System). 

 

 

Figure 10-7. Model of radionuclide transport via the F-path between the canister and 
the rock in the situation where the buffer is eroded between the fracture and the rock. 

 

Disposal canister with 
corrosion failure 
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 Solubility limits are applied in the internal void space of the canister. Any 
eigencolloids formed by precipitation are assumed not to migrate though the eroded 
buffer. It cannot, however, be excluded that the colloid filtration function of the 
eroded part of the buffer is degraded. Thus, the potential migration of eigencolloids 
through the eroded buffer to the geosphere is considered in a complementary 
calculation case CS3-COLL (see Section 12.2.3).  

 For each water type, near-field solubility limits are cautiously set to the values 
given in Models and Data for the Repository System for the internal void space of 
the canister if these are higher than the values for the buffer, or to the buffer values 
if these are higher. 

 Further erosion of the bentonite after canister failure is not included in the analysis, 
except implicitly in the assumption that bentonite colloids are always present at the 
near-field/geosphere interface and in the geosphere itself when low-ionic strength 
water penetrates to repository depth. 

The conceptualisation of the eroded part of the buffer as a well-defined ring of increased 
porosity and hydraulic conductivity is a simplification made to facilitate modelling. In 
reality, bentonite will migrate into the fracture and, at the same time, will tend to 
homogenise within the deposition hole, resulting in a density gradient between the 
fracture and the bulk of the buffer. Advective conditions in the partly eroded bentonite 
are taken to mean that advective transport of dissolved radionuclides in a volume of the 
buffer between the canister and the host rock fracture dominates over diffusive 
transport. As the buffer density goes down, the interlayer spacing within stacks of clay 
minerals may increase, and voids may form between stacks of clay mineral sheets 
through which water bearing dissolved radionuclides can flow. The clay mineral sheets 
themselves would not, however, be physically affected by this flowing water until the 
buffer density in the affected part of the deposition hole decreased to the extent that a 
loose gel or sol was formed. Note that the threshold value for buffer dry density below 
which advective conditions may occur is 1000 kg/m3, which corresponds to a hydrated 
solid that would be too stiff to yield to any viscous flow. Viscous flow in the of buffer 
material would require a further significant decrease in buffer density throughout the 
deposition hole, since, as noted above, the clay will tend to homogenise as it is eroded.  

According to Abend & Lagaly (2000), at salt concentrations below the critical 
coagulation concentration (CCC) and at solid contents above 3 %, sodium 
montmorillonite dispersions become gel-like with the appearance of a yield value. This 
value is consistent the modelling of bentonite loss from a deposition hole described in 
Section 3.9.2 of Birgersson et al. (2009), where it is assumed that at water to solid mass 
ratios higher than 30, bentonite transport is driven by colloid dispersion, erosion and 
settling. A water to solid ratio of 30 corresponds to a dry density of about 33 kg/m3. An 
erosion rate of about 1.3 kg per year (the highest value in Table 10-2, below), persisting 
for 1000 years in each of eight glacial cycles assumed to occur within the million year 
assessment time frame (Table 10-1), would lead to a loss of 10,000 kg of bentonite from 
a deposition hole, or around 43 % of the initial total amount. The average final bulk 
density in the deposition hole after a million years would then be around 880 kg/m3, 
which is far in excess of the 33 kg/m3 required for advection of clay particles out of the 
deposition hole. It cannot be excluded that some inhomogeneity of bentonite density 
will exist in the deposition hole, in spite of its tendency to homogenise, with a lower 
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density near the interface with the fracture than in the bulk of the buffer. On the other 
hand, if significant loss of bentonite were to take place, the buffer would no longer 
support the backfill load as previously and may even undergo some compression, 
compensating to some extent for the loss of buffer mass. Overall, it is considered 
implausible that erosion will occur to the extent that viscous flow of buffer material 
occurs in the deposition hole itself, given the rates of erosion assumed in the analysis of 
the present calculation cases.  

The assumed rates of erosion are taken from a fitted relationship (Equation 10.3-3 in the 
following section) to the results of a model for predicting the rate of erosion of the 
bentonite buffer in low ionic strength water developed by KTH (the Royal Institute of 
Technology), Sweden, on behalf of SKB, and is also the relationship used in the erosion 
modelling described in Appendix B of Performance Assessment. The model is presented 
in detail in Moreno et al. (2010). The fitted relationship is assumed to apply whenever 
low ionic strength water is present at repository depth, i.e. for 1000 years per glacial 
cycle. In reality, a number of factors could affect this relationship and cause the erosion 
rate to vary: 

 the expected exchange of Na+ for Ca2+ in the buffer during the present temperate 
period; the Olkiluoto groundwater composition as well as the calcium inventory in 
the buffer material itself (from the accessory mineral content, i.e. calcite − CaCO3 
and gypsum − CaSO4•2H2O), are expected to favour the cation exchange of 
montmorillonite towards a Ca-dominant composition that is less susceptible to 
chemical erosion (see Section 7.5.2 of Performance Assessment); 

 as erosion takes place, the formation of a porous region of accessory minerals 
naturally present in the buffer and left behind when clay minerals are lost, which 
could act as a physical barrier (filter) limiting or preventing further erosion (Chapter 
8 of Neretnieks et al. 2009); 

 gradual loss in buffer density within the buffer where the fracture intersects the 
deposition hole (taken to be constant in the model of Moreno et al. 2010); and 

 eventual advection of clay particles out of the deposition hole, once the overall 
buffer density in the deposition hole becomes sufficiently low (such that a loose gel 
or sol is formed). 

Thus, the erosion rate could either decrease (the first three factors) or increase (the 
fourth factor) with respect to that predicted by the fitted relationship. Given that the 
fourth factor would only be likely to come into play once a significant fraction of the 
buffer in the deposition hole has been lost (see above), and this loss is prevented or 
delayed by the first three factors, the assumption that the erosion rate is the same at all 
times when low ionic strength water is present at repository depth is present at 
repository depth is deemed to be sufficiently cautious for the purposes of the present 
safety case. 
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10.2.3 Model parameters 

Near-field parameters 

The main near-field model parameter values that differ from those of the Reference 
Case are shown in Table 10-2, and discussed further in the following paragraphs.  

Canister failure times for the four canisters for which releases are calculated are taken 
directly from the reference case erosion/corrosion calculation described in Chapter 7 
and Appendix B of Performance Assessment. As noted above, the calculation assumes 
corrosion by sulphide in the groundwater, with a cautiously selected sulphide 
concentration in the groundwater of 3 mg per litre assumed at all times.  

As also noted above, the same groundwater flow modelling case (ps_r0_no_spall_2000) 
is used to provide flow-related parameter values for both the erosion/corrosion 
modelling and for radionuclide transport modelling. In this realisation, there is assumed 
to be no hydraulically significant damaged zone around the deposition holes. Although 
such a zone cannot be excluded at early times (and is assumed to persist indefinitely in 
the Reference Case), the erosion model indicates a penetration of bentonite gel into the 
fracture intersecting the deposition hole (including any fractures in the damaged zone 
around the hole) to a depth of between 0.5 m and 34.6 m for water velocities between 
315 m per year and 0.1 m per year (see Table 5-1 in Moreno et al. 2010), i.e. much 
further than the expected distance over which damaged zone fractures might be found. It 
is therefore considered inappropriate to use the results of the groundwater flow DFN 
calculations that include hydraulically significant rock damage to analyse buffer 
erosion, canister corrosion and subsequent canister failure and radionuclide release, 
retention and transport.  

 

Table 10-2. The main model parameters for the analysis of the corrosion failure 
following buffer erosion variant scenario (VS2). 

 Calculation case 

Parameter VS2-H1 VS2-H2 VS2-H3 VS2-H4 

Canister failure time [a] 5.75·105 2.63·105 2.67·105 1.87·105 

Deposition hole number 2597 2778 2779 2780 

QF [m
3/a] (values when 
1) 

0.137 1.089 0.907 1.649 

UF [m2/a] (used to calculate 
QF using Eq. 10.3-1).  

0.0392 0.311 0.259 0.471 

2b [m] (used in the 
calculation of mc (Eqs. 10.3-
2 to 10.3-4). 

0.00147 0.0019 0.0019 0.0019 

mc [kg/m3] 0.288 0.099 0.110 0.077 

R [kg/a] (intermediate result, 
used in the calculation of mc 
(Eqs. 10.3-2 to 10.3-4). 

0.395 1.074 0.997 1.273 
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Following canister failure, values for the equivalent near-field flow rate QF cannot be 
taken directly from the DFN model, since this model does not take into account the 
effects of buffer erosion on flow and radionuclide transfer from the near field to the 
geosphere, which may be significant once advective conditions are established in the 
buffer. Rather, QF is calculated from the parameter UF, which is the flow per unit width 
summed over all fractures intersecting the deposition hole (see Section 4.2.2), using: 

4 when 1

4 1 when 1
,

 

 (10.3-1)

where rt is the 0.875 m deposition hole radius and fv is the time-dependent velocity 
factor (Table 10-2).  

According to this equation, QF is set equal to 4  when 1. This is a cautious 
value that will tend to overestimate QF, since it assumes that (i) flow occurs 
predominantly in one fracture, and (ii) the eroded zone has a very high hydraulic 
conductivity, such that it focuses flow from a section of the fracture that has a width 
equal to twice the deposition-hole diameter. 

When 1, it is also assumed that low ionic strength water supports a stable 
population of bentonite colloids. The impact of these colloids on radionuclide transfer to 
the geosphere is modelled by means of the factor 1 , as explained in Section 
3.5. Kc [m3/kg] is a mass-based partitioning coefficient for radionuclide sorption on 
colloids. A review of colloid data in an appendix of Models and Data for the Repository 
System indicates that Kc can be set equal to the distribution coefficient for compacted 
bentonite. mc[kg/m3] is the colloid concentration in fracture water at the near-
field/geosphere interface, which can be calculated directly from the buffer erosion rate 
R [kg/a],using: 

0 when	 1

/ 4 when 1
,

 

 (10.3-2)

where: 

27.2 2 .   (10.3-3)

and v [m/a] is the velocity in the fracture, calculated from the flow parameter UF, using: 

b

fU
v vF

2
 .  (10.3-4) 
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2b is the fracture transport aperture, which is taken from the groundwater flow model 
and is set equal to the reference value of ten times the hydraulic aperture. 

The review of colloid data in an appendix of Models and Data for the Repository 
System suggests that a maximum colloid concentration in the vicinity of an eroding 
buffer of 500 mg/L can be expected, corresponding to a value of mc = 0.5 kg/m3. This is 
of the same order of magnitude as colloid concentrations obtained using the above 
equations and shown in Table 10-2. 

Geosphere parameters 

Geosphere transport is modelled in a similar manner to the Reference Case with the 
following exceptions: 

 the geosphere transport resistance WL/Q is divided by the time-dependent velocity 
factor fv described in the previous sections; and 

 the transport of radionuclides sorbed on bentonite colloids generated by buffer 
erosion is taken into account, following the approach described in Section 3.5. 

In this approach, the following substitutions are made for the effective diffusion 
coefficient and retardation coefficients in the rock matrix. 

→ , , (10.3-5) 

where 

, 1
 

, (10.3-6) 

 

and 

→ , , (10.3-7) 

where 

, 1
. 

 (10.3-8)

 

It is implicitly assumed in this approach that the colloid concentration is constant 
throughout the geosphere. In reality, colloids generated at the near-field/geosphere 
interface will be diluted as they migrate through the fracture network and may also be 
immobilised by filtration, e.g. in fracture constrictions. The assumption of a constant mc, 
equal to the value calculated for the near-field/geosphere interface, is cautious in that it 
will lead to an over-estimate of radionuclide releases. 
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The approach also assumes reversible uptake of radionuclides on colloids. There is, 
however, the possibility that sorption of tetravalent actinides24 Th, U (which may occur 
partly as VI and IV) and Np is at least partly irreversible. The irreversibly bound 
fraction cannot be reliably quantified given the current state of knowledge (see the 
review of colloid data in an appendix of Models and Data for the Repository System). 
Thus, in a complementary analysis described in Section 12.2.2, the potential impact of 
irreversible uptake of these actinides on colloids is assessed by assuming cautiously that 
they are transported instantaneously and without attenuation to the surface upon release 
from the near field. 

10.2.4 Radionuclide release rates 

Figure 10-8 shows the evolution of radionuclide-specific release from the repository 
near field to the geosphere in case VS2-H1. The radionuclides shown are those making 
the greatest contributions to the total release. The figure shows the instant release of 
I-129, Cl-36 and Cs-135 at canister failure time.  

                                                 

24Pu is assumed tetravalent in alkaline water and glacial water, but is trivalent otherwise (Wersin et al. 
2012a). 
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Figure 10-8. Evolution of radionuclide release rates from the repository near field to 
the geosphere, considering the main contributing radionuclides in case VS2-H1. 

 

Thereafter, the near-field release rates of these radionuclides are relatively small, but are 
higher for other radionuclides, in particular Th-229, Tc-99, Ra-226 and Nb-93m. 
Release maxima occur periodically at times of elevated flow and glacial groundwater 
chemistry, when sorption on bentonite colloids also contributes to near-field release. 
The highest release maxima occur for Nb-93m, which is a short-lived progeny of Zr-93. 
It has a half-life of 16.1 years. Maximum near-field release rates in cases VS2-H2, -H3 
and -H4 are broadly similar to those in case VS2-H1. The sudden nature of the maxima 
in all these cases is due to the simplified treatment of the evolution of groundwater flow 
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and composition, whereby changes in water velocity and water type occur in discrete 
steps (Table 10-2). In reality, more gradual changes would be expected to take place. 

Attenuation of sorbing radionuclides during geosphere transport in calculation case 
VS2-H1 is such that the geosphere release is dominated by the non-sorbing and long-
lived I-129 and Cl-36. As shown in Figure 10-9, geosphere releases also show periodic 
maxima, which can be attributed to relatively rapid flushing of these non-sorbing 
radionuclides from the geosphere during periods of high flow (colloid-facilitated 
radionuclide transport does not play a role for these non-sorbing radionuclides). 

High near-field flows are correlated with low transport resistances in the geosphere 
facture network (see Section 4.4, Table 4-3). Thus, the deposition holes where canister 
failures occur will, on average, be less favourable than most with respect to geosphere 
transport. However, in some instances, transport paths that leave a deposition hole via a 
fracture may subsequently re-enter the engineered barrier system and there be subject to 
much slower flows. This is, by chance, the case for calculation cases VS2-H2, -H3 and 
-H4 (though not for VS2-H1). As a result, there is no radionuclide release from the 
geosphere in these calculation cases within the one million year assessment time frame. 

 

 

Figure 10-9. Evolution of I-129 and Cl-36 release rates from the geosphere in case 
VS2-H1. 
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While this is true of the present DFN realisation of the fracture network and 
groundwater flow, it cannot be excluded that this particular realisation is atypical. In 
particular, in other DFN realisations, all transport paths from the failed canisters could 
remain entirely within the geosphere until they reach the surface, as in calculation 
VS2-H1. This possibility is examined further in a complementary analysis in Section 
12.2.1, where it is shown that peak release rate from the canister position considered in 
case VS2-1 are probably not atypical of those that would be calculated for other 
deposition holes where corrosion failure following buffer erosion might potentially 
occur.  

10.2.5 Comparison with regulatory constraints 

Figure 10-10 shows the overall geosphere release rates in case VS2-H1, with the release 
rates for each radionuclide normalised with respect to the regulatory nuclide-specific 
constraints for radioactive releases to the environment (Table 2-1). As noted above, 
there is no geosphere release in cases VS2-H2, -H3 and -H4, due to slow water 
movement in those parts of the geosphere transport paths that re-enter and pass through 
the engineered barrier system.  

 

 

Figure 10-10. Evolution of geosphere release rates for VS2-H1, with the release rates 
for each radionuclide normalised with respect to the regulatory nuclide-specific 
constraints for radioactive releases to the environment. VS2-H2, -3 and -4 give no 
release to the surface environment within the million-year assessment time frame. 

 



269 

 

The maximum normalised release rate is less than 10-3, i.e. more than three orders of 
magnitude below the regulatory geo-bio flux constraint. The main radionuclide 
contributing to the normalised release is I-129, with smaller contributions from Cl-36 
and Se-79.    

As noted in Section 10.2.2, somewhat higher or lower numbers of canister failures than 
considered in the above analysis are possible. However, the low peak normalised release 
rate calculated for a single failed canister in scenario VS2 indicates that the few canister 
failures that could potentially arise could easily be tolerated without exceeding the 
regulatory geo-bio flux constraint. On the other hand, this analysis considers only one 
transport path through the geosphere, in one DFN realisation, and higher peak 
normalised releases could potentially arise if canister failure occurred in other 
deposition holes with more rapid transport paths through the geosphere. Transport path 
uncertainties, as well as the potential effects of irreversible uptake of radionuclides on 
bentonite colloids and of the potential release of intrinsic colloids in this scenario are 
considered in further, complementary analyses in Chapter 12. 

10.3 Summary of the analysis 

This chapter has presented the analysis of two variant scenarios that consider the 
degraded performance of the safety functions of the canister and the combined effects of 
the degraded performance of one or more safety functions of the other barriers, still 
within the expected conditions. 

In Variant Scenario 1 (VS1), it is assumed that processes occurring at the buffer/rock 
interface lead to a degradation of the outer part of the buffer and to a partial loss of the 
radionuclide retention capacity of the buffer. It is also assumed that there is an initial 
penetrating defect in one of the canisters in the repository, and that this defect becomes 
enlarged over time. The maximum normalised release rate to the surface environment 
occurs shortly after the dose criteria time window, and is about an order of magnitude 
higher than in the Reference Case, but still almost three orders of magnitude below the 
regulatory geo-bio flux constraint (a complementary analysis presented in Chapter 12, 
Section 12.1.2, shows that the increase compared with the Reference Case is mainly due 
to enlargement of the defect over time, and not to the degradation of the buffer in the 
VS1 scenario). The influence of highly alkaline groundwater composition on 
radionuclide release rates is shown to be generally minor, and can be explained 
qualitatively in terms of the differences in retention parameters (the impact of brine 
groundwater is discussed in a complementary analysis in Section 12.1.1, where it is also 
shown to be minor). The VS1 calculation cases (VS1-BRACKISH, VS1-HIPH-NF and 
VS1-HIPH) are propagated to the dose assessment documented in Biosphere 
Assessment, since releases arise within the dose assessment time window. 

In Variant Scenario 2 (VS2), it is assumed that chemical erosion of the buffer takes 
place due to low ionic strength water penetrating to repository depth, i.e. in association 
with glacial retreat. Buffer erosion rates and the timing and locations of subsequent 
canister failure due to corrosion following the establishment of advective conditions in 
the buffer are taken from Performance Assessment, where, in a reference case, four 
canister failures are calculated to occur within the million year assessment time frame. 
The degraded buffer has a reduced capacity to retain radionuclides released subsequent 
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to canister failure and also acts as a source of bentonite colloids. These can sorb 
radionuclides and transport them relatively rapidly into the geosphere. Geosphere 
releases to the surface environment are calculated to occur for only one of the four 
failed canisters. The releases are dominated by the non-sorbing and long-lived I-129 and 
Cl-36, and show periodic maxima, which can be attributed to relatively rapid flushing of 
these non-sorbing radionuclides from the geosphere during periods of high flow 
(groundwater flow is assumed to vary with time in response to changes in the surface 
environment caused by major climate change). The maximum normalised release rate to 
the surface environment is less than 10-3, i.e. more than three orders of magnitude below 
the regulatory geo-bio flux constraint. Somewhat higher or lower numbers of canister 
failures than considered in the above analysis are possible. However, the low peak 
normalised release rate calculated for a single failed canister in scenario VS2 indicates 
that the few canister failures that could potentially arise could easily be tolerated 
without exceeding the regulatory geo-bio flux constraint. On the other hand, this 
analysis considers only one transport path through the geosphere, in one DFN 
realisation, and higher peak normalised releases could potentially arise if canister failure 
occurred in other deposition holes with more rapid transport paths through the 
geosphere. The peak release rate could also be affected by uncertainties related to 
colloid transport. These issues are considered further in the complementary analyses in 
Chapter 12. 
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11 ANALYSIS OF DISTURBANCE SCENARIOS 

This chapter describes the analysis of disturbance scenarios addressing unlikely events 
impairing long-term safety. The following disturbance scenarios are analysed. 

1. The AIC scenario, which considers an accelerated corrosion rate of the insert of a 
canister with an initial penetrating defect, is analysed in Section 11.1. 

2. The RS scenario, which considers canister failure due to rock shear following a 
large earthquake, is analysed in Section 11.2. 

3. The RS-DIL scenario, which is similar to the RS scenario, but considers in addition 
buffer erosion around the failed canister, is analysed in Section 11.3. 

A summary of the analysis is given in Section 11.4. The rationale for the selection of 
these disturbance scenarios is presented in Formulation of Radionuclide Release 
Scenarios. 

Calculation cases that fall within the scope of these disturbance scenarios are termed 
“what if” cases. Further, complementary calculations that illustrate the behaviour of the 
modelled system in these scenarios and explore still more speculative model 
assumptions and alternative parameter values are described in Chapter 12. 

11.1  Accelerated insert corrosion rate (AIC) 

11.1.1 Summary of the scenario 

In the base scenario, it is assumed that corrosion of the iron insert of a defective canister 
will be slow, limited by the availability of water. As corrosion proceeds, the increased 
gas pressure inside the canister due to the formation of hydrogen as a corrosion product 
will reduce and potentially stop the inflow of liquid water, although slow corrosion will 
continue due to the inward diffusion of water vapour. It is further assumed that the 
defect remains unchanged over time and that the gas generated by corrosion does not 
provide a medium for radionuclide transport. It is, however, possible that the defect 
becomes enlarged, due e.g. to faster than expected corrosion of the insert, the corrosion 
products of which will occupy a larger volume than the original metal. This possibility 
has already been considered in the Monte Carlo simulations (Chapter 9) and in the VS1 
variant scenario (Chapter 10) and is considered further in the accelerated insert 
corrosion rate disturbance scenario (AIC) analysed in the present chapter. Gas-mediated 
release and transport in this scenario is considered in a complementary analysis in 
Chapter 12. 

The Monte Carlo simulations and PSA, which, in the “growing-hole” case, assume an 
instantaneous enlargement of the defect at a stochastically sampled time, have shown 
that the peak of the mean release rates in this case is about two orders of magnitude 
greater than in the “hole-forever” case. The PSA has also shown that the time of 
enlargement of the hole, which takes values between 5000 and 50,000 years in the 
Monte Carlo simulations, is important in determining the peak release of C-14, the main 
radionuclide controlling the overall peak release, in any individual realisation. In the 
VS1 scenario, the hole grows gradually (as is more likely than rapid or instantaneous 
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enlargement) between 1000 years and 25,000 years, and the peak release is increased by 
about one order of magnitude compared with the (hole-forever) Reference Case. 

In the AIC scenario, an insert corrosion rate that is higher than expected is assumed to 
cause a sudden (instantaneous) loss of transport resistance of the defect after 15,000 
years. This sudden loss of transport resistance is a cautious and highly unlikely 
assumption, which is why the scenario is classified as a disturbance scenario. The main 
focus of the analysis of the AIC scenario is to assess the significance of whether or not a 
transport path between the internal void space of the canister and the buffer exists prior 
to defect enlargement. In the Reference Case, it is assumed to take 1000 years for water 
to first contact the fuel, cladding and other metal parts, and for the establishment of a 
transport pathway between the internal void space of the canister and the canister 
exterior. This is at the low end of the range of possibilities and a cautious assumption 
for the Base Scenario, since radioactive decay in the canister interior prior to the 
establishment of the pathway will tend to reduce releases if a longer time is taken (see 
case BS-TIME, Section 8.3) In the AIC scenario, however, the cautiousness of this 
assumption cannot be established a priori. The peak release rate from the internal void 
space of the canister is expected to occur shortly after 15,000 years, when the transport 
resistance of the defect is assumed to be lost. Loss of activity by release through the 
defect before this time will tend to reduce the peak release rates, especially of those 
radionuclides with inventories that are assigned an IRF. The earlier the time for the 
establishment of a transport pathway through the defect between the internal void space 
of the canister and the buffer, the greater this loss will be by the time the transport 
resistance of the defect is lost at 15,000 years. On the other hand, early contact of water 
with the fuel, cladding and other metal parts could lead to the accumulation of relatively 
high concentrations of radionuclides released from these components in the canister 
interior, which will then contribute more to the peak canister release after 15,000 years. 

11.1.2 Calculation cases and overall modelling approach 

The time taken for water to first contact the fuel, cladding and other metal parts, and for 
the establishment of a transport pathway through the defect between the internal void 
space of the canister and the buffer will be affected by the properties and evolution of 
the insert. There is no design requirement for the insert to be water tight. However, in 
practice, it may provide some initial period of water tightness. Furthermore, it is 
conceivable that corrosion products may themselves affect the contact time, e.g. by 
filling void spaces. Thus, two end-members of the range of possibilities are considered 
as calculation cases: AIC-LI and AIC-TI. 

In case AIC-LI (leaky insert), the defective canister evolves as in the Reference Case for 
the first 15,000 years, i.e. a small (1 mm diameter) defect is present in the copper 
overpack and a radionuclide transport path from the internal void space of the canister 
to the buffer is established after 1000 years. Unlike the Reference Case, however, the 
defect becomes suddenly enlarged after 15,000 years, such that it offers no further 
transport resistance. 

In case AIC-TI (tight insert), there is no release of radionuclides from the waste until a 
radionuclide transport path from the internal void space of the canister to the buffer is 
established after 15,000 years. Before this occurs, however, water can still enter through 
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the defect and contact the external surface of the insert, which will corrode. At 15,000 
years, at the same time that the transport path is established, the volume expansion of 
the corrosion products is assumed to cause the defect to become enlarged, such that it 
offers no transport resistance.  

11.1.3 Model parameters 

The parameters values for the AIC-LI and AIC-TI are identical after 15,000 years, and 
are the same as in the Reference Case except that: 

 no transport resistance is assigned to the defect in the canister (transport into the 
buffer takes place through the entire lateral surface of the canister); 

 near-field solubility limits for each element are cautiously set to the value given in 
Models and Data for the Repository System for internal void space of the canister, 
the value for the buffer, or the value for the backfill, whichever is the higher. 

Note that, once the transport resistance of the defect is lost, it can no longer be assumed 
that the highest concentrations of an element will be in the internal void space of the 
canister, as it was in the Reference Case in the case of elements not having isotopes 
produced by radioactive ingrowth (Section 6.4.3).  

At earlier times, the solubility limits used in case AIC-LI are, for simplicity, the same as 
those used at later times. Otherwise, AIC-LI is identical to the Reference Case, i.e. 
radionuclide release from the waste and transport through the 1 mm diameter defect 
starts after 1000 years. In case AIC-TI, there are no radionuclide releases from the waste 
before 15,000 years.  

11.1.4 Radionuclide release rates 

Figure 11-1 shows the evolution of near-field and geosphere release rates in cases AIC-
LI and AIC-TI and in the Reference Case. Release rates are summed over all 
radionuclides and over the F-, DZ- and TDZ-paths. 

In case AIC-LI, radionuclide releases from the near field and geosphere start shortly 
after 1000 years, and are the same as in the Reference Case up to the time that the 
transport resistance of the defect is lost at 15,000 years. At this time, there is a sudden 
increase in these release rates in AIC-LI, leading to peak near-field release rates that are 
around three orders of magnitude higher than those of the Reference Case. In case AIC-
TI, releases rapidly increase from zero before 15,000 years to peak near-field and 
geosphere release rate values that are somewhat lower than those of AIC-LI, which can 
be attributed to the fact that, in case AIC-LI, all the C-14 from the zirconium alloy and 
the other metal parts (78 % of total C-14 inventory) has been released to the void space 
in the canister interior (and only a minor fraction has passed to the buffer) before defect 
enlargement. The evolution of near-field and geosphere releases after 15,000 years is 
virtually the same in AIC-LI and in AIC-TI.  
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Figure 11-1. Evolution of the radionuclide release rates from the near field and 
geosphere in cases AIC-LI and AIC-TI and in the Reference Case (BS-RC). 

 
Figure 11-2 shows the evolution of near-field release in case AIC-LI for those 
radionuclides contributing most to the summed release over all radionuclides. The 
radionuclide-specific geosphere release rates are shown in Figure 11-3. 
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Figure 11-2. Evolution of the total radionuclide release rates (sum) from the repository 
near field in case AIC-LI and the evolution of release of the radionuclides making the 
greatest contributions to the total. 

 

 

Figure 11-3. Evolution of the total radionuclide release rates (sum) from the geosphere 
in case AIC-LI and the evolution of release of the radionuclides making the greatest 
contributions to the total. 
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In addition to the radionuclides contributing most to the summed release in the 
Reference Case (C-14, Cl-36, I-129 and Cs-135), Ni-59 makes significant contributions 
at later times (and also Ra-226 in the case of near-field releases). 

11.1.5 Comparison with regulatory geo-bio flux constraints 

Figure 11-4 shows the overall geosphere release rates in the two AIC-cases and in the 
Reference Case, with the release rates for each radionuclide normalised with respect to 
the regulatory nuclide-specific constraints for radioactive releases to the environment 
(Table 2-1). The maximum normalised release rate is increased by around three orders 
of magnitude compared with the Reference Case, but remains more than an order of 
magnitude below the regulatory geo-bio flux constraint. 

 

 

Figure 11-4. Evolution of the geosphere release rates for the AIC-cases and for the 
Reference Case (BS-RC), with the release rates for each radionuclide normalised with 
respect to the regulatory nuclide-specific constraints for radioactive releases to the 
environment. 
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11.2 Earthquake and rock shear (RS) 

11.2.1 Summary of the scenario 

Olkiluoto is located in the Fennoscandian Shield away from active plate margins and is 
currently seismically quiet. However, the possibility of large earthquakes, especially at a 
time of glacial retreat, cannot totally be excluded. Rock Suitability Classification (RSC) 
criteria (McEwen et al. 2012) are being developed to reduce the risk of canister failure 
due to rock shear in the event of a large (M  5) earthquake (the full perimeter 
intersection, or FPI, criterion and the modified FPI criterion; see Section 7.2 of 
Performance Assessment). There remains, however, the possibility of canister failure 
due to shear movements on fractures intersecting the deposition holes in the event of a 
large earthquake. This possibility is considered in the earthquake and rock shear (RS) 
scenario, and also in the RS-DIL scenario described further, below. 

The RS scenario is classified as a disturbance scenario because the annual probability of 
canister failure by rock shear is low (see Section 11.2.5, below). In analysing this 
scenario, failure due to rock shear is the only canister failure mode considered; it is 
assumed that there are no initial penetrating defects in the canisters. It is also assumed 
that rock shear adversely affects the flow-related transport properties of the fracture 
intersecting the deposition hole where failure occurs. However, the buffer is assumed to 
continue to fulfil its safety functions. The RS-DIL scenario, which considers the 
combined effects of canister failure due to rock shear and subsequent buffer erosion due 
to the penetration of low-ionic strength water to repository depth, is analysed in Section 
11.3. This latter scenario is taken to encompass cases where the buffer undergoes some 
perturbation due to rock shear itself (e.g. deformation, local thinning)25. 

11.2.2 Calculation cases and overall modelling approach 

Considering first the failure of a single canister due to rock shear, two calculation cases 
are examined: RS1, in which the earthquake leading to failure is postulated to occur at 
40,000 years, i.e. during the present, temperate period, and RS2 in which this 
earthquake occurs at 155,000 years, during a period of glacial retreat; the selection of 
these times is discussed further in Formulation of Radionuclide Release Scenarios. The 
main features of the near-field radionuclide release and transport model used to analyse 
these calculation cases are as follows: 

 The transport properties of the buffer are assumed not to be significantly perturbed 
by the rock shear event and also not to undergo any changes thereafter (scenario 
RS-DIL, which is described in Section 11.3, addresses these possibilities). 

 When a canister fails, water is assumed to have immediate access to the fuel 
surfaces and a radionuclide transport path from the canister interior to the canister 

                                                 

25 Based on earlier safety analyses, the effects of even quite significant thinning of the buffer on 
radionuclide releases will be minor. For example, in the KBS-3H safety analysis, calculation cases 
PD-FEBENT 2 and PD-FEBENT3 consider buffer thicknesses reduced by 10 % and 50 %, respectively. 
Near-field releases were found to be similar to case PS-FEBENT1, where the full buffer extent is 
assumed (see Section 5.7 of Smith et al. 2007). This is also consistent with the complementary analysis of 
the extent of buffer perturbation described in Section 12.1.2. 
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exterior is established. No credit is taken for any residual transport resistance in the 
canister or for the low permeability of the buffer, both of which would limit the rate 
of water ingress in reality. 

 No damaged zone around the deposition hole is modelled. However, the fracture 
undergoing rock shear is assumed to have a relatively high water flow after the rock 
shear event (see below). 

 The F-path is the dominant transport path and is the only path considered in the 
radionuclide transport calculations.  

 As in the analysis of canister corrosion failure following buffer erosion (Section 
10.2, variant scenario VS2), a time-dependent velocity factor, fv, is used to scale the 
groundwater flow rate UF and the geosphere transport resistance WL/Q. This is to 
account for increased flow rates during periods of glacial retreat. In addition, fv is 
set equal to 10 for a period of 100 years immediately following the earthquake 
event in RS1 to account for possible early, transient effects of a large earthquake on 
groundwater flow26 (Table 11-1). 

 The chemistry related properties of the near field (distribution coefficients, 
solubility limits, effective diffusion coefficients and accessible porosity) are 
assumed to be those for brackish water, i.e. no penetration of glacial meltwater to 
repository depth and no chemical erosion of the buffer are assumed (as noted above, 
another disturbance scenario in which rock shear is followed by buffer erosion is 
analysed in Section 11.3). 

 Near-field solubility limits for each element are set to the value obtained for 
brackish water either in the internal void space of the canister or in the buffer, 
whichever is the higher. 

 Groundwater composition in the geosphere is assumed to alternate between 
brackish and glacial, with glacial water present for short intervals during glacial 
retreat, resulting in time-dependent rock matrix distribution coefficients.  

Note that, as in the analysis of variant scenario VS2, the expected suppression of flow 
during periods of permafrost is, in the present analysis, disregarded. 

  

                                                 

26Large earthquakes have been observed to lead to transient increases in stream and spring flow at the 
surface. The effects on deep groundwater flow and on the transmissivities of bedrock fractures are less 
clear (see Section 5.3 of Formulation of Radionuclide Release Scenarios). However, some impact on 
deep groundwater flow cannot be excluded.  
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Table 11-1. Velocity factor used to scale the steady-state groundwater flow rates to 
account for increased flow rates after the earthquake in RS1 and during glacial retreat 
in RS1 and RS2. Also shown is the assumed evolution of climate and water type in the 
geosphere around the deposition holes. 

Climate  Time window in 
years  
(starting from 
present) 

Water type in 
the 
geosphere 

Velocity factor, fv Comments  

RS1 RS2 

Temperate 

 

0 to 40,000 

Brackish 

1 

1 
Initial temperate 
period 

 

 

 

 

 

 

 40,000 to 40,100 10 

 
40,100 to 50,000 1 

 

Permafrost 
 

50,000 to 105,000 Brackish 1 

120,000 year 
cycle, 
subsequently 
repeated up to 
one million years 

 

Temperate 

 

 

 

Permafrost  

Temperate 
 

 

Ice sheet 

 

 

 

Permafrost 

 

105,000 to 
105,333 Glacial 10  

 

105,333 to 
120,000 Brackish 1 

Ice sheet 

 

 

 

Permafrost 

 

120,000 to 
120,333 Glacial 10  

 

120,333 to 
155,000 Brackish 1 

Ice sheet 

 

 

 

Temperate 

 

155,000 to 
155,333 Glacial 10  

 155,333 to 
170,000 Brackish 1 
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The geosphere transport model is illustrated in Figure 11-5. A cautious and simplified 
approach is taken, which is appropriate given the uncertain impact of a rock shear event 
on the transport properties of the geosphere. A single, uniform transport channel 
(fracture) is modelled, characterised by a transport resistance WL/Q. The fracture is 
surrounded by a homogeneous rock matrix of finite extent. Time-varying flow is 
modelled in the fracture, using the time-dependent velocity factor, fv, given in Table 
11-1. Distribution coefficients in the rock matrix also vary between those for brackish 
water and glacial water, with glacial water assumed to be present during glacial retreat 
(Table 11-1). The model has been implemented in GoldSim. 

11.2.3 Model parameters 

Following the rock shear event, an equivalent near-field flow rate, QF, of 0.1 m3/a, 
multiplied by the time-dependent velocity factor fv, is chosen (i.e. the highest flowrate 
used at any time is 1 m3/a). 0.1 m3/a is judged to be cautious, being a little over an order 
of magnitude higher than the Reference Case value. It is also at the very high (cautious) 
end of the range for stochastic fractures in the DFN groundwater flow modelling (see 
Figure 4-7). As noted above, the near-field distribution coefficients, solubility limits, 
effective diffusion coefficients and accessible porosities are set to those for brackish 
water at all times. 

The geosphere transport resistance, WL/Q, is set to 5·104 a/m, divided by the time-
dependent velocity factor fv. This is also judged to be a cautious choice, given that a 
transport resistance of 5·104 a/m is towards the lower (cautious) end of the range of 
values obtained from groundwater flow modelling (see Figure 4-11). The geosphere  
 

 

Figure 11-5. Geosphere transport model used to analyse RS1 and RS2. 
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fracture transport aperture is set to 1 mm, although the performance of the geosphere 
transport barrier is not sensitive to this parameter (see the findings of the PSA in Section 
9.8.1). As in all other calculation cases, the rock matrix is modelled as extending 3 m on 
each side of the channel. It is assigned the properties of unaltered rock matrix 
throughout (i.e. the transport class “other fractures” is assumed). The distribution 
coefficients for the rock matrix are assumed to alternate between those for brackish 
water when the velocity factor, fv, is equal to 1 and those for glacial water when fv = 10, 
except in the period immediately following the earthquake at 40,000 years in RS1, when 
fv = 10, but brackish water is assumed to be present (see Table 11-1).  

11.2.4 Radionuclide release rates 

Figure 11-6 shows the calculated near-field release rates for the single-canister 
calculation cases RS1 and RS2.  

In both case, there is an almost immediate release of IRF radionuclides, such as I-129, 
Cl-36 and Cs-135, upon canister failure, followed by a broader peak of Ni-59 and Nb-
94, which are released congruently with the corrosion of zirconium alloy and other 
metal parts. Later, transient near-field release maxima due to elevated flow during 
glacial retreat phases are clearly visible as spikes in the release curves. After a few 
hundred thousand years, the highest near-field release rates are due to Ra-226. 
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Figure 11-6. Calculated near-field release rates from a single failed canister in 
calculation cases RS1 (upper figure) and RS2 (lower figure). 

 

The corresponding geosphere release rates, also for the single-canister calculation cases 
RS1 and RS2, are shown in Figure 11-7. 
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Figure 11-7. Calculated geosphere release rates from a single failed canister in 
calculation cases RS1 (upper figure) and RS2 (lower figure). 

 
The highest geosphere release rates after a few hundred thousand years are due to 
Ra-226. 
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11.2.5 Comparison with regulatory constraints 

Figure 11-8 shows the single-canister overall geosphere release rates in the RS1 and 
RS2 cases and in the Reference Case, with the release rates for each radionuclide 
normalised with respect to the regulatory nuclide-specific constraints for radioactive 
releases to the environment (Table 2-1). 1000-year centred moving averaging has again 
been applied to the geosphere release rates. According to Guide YVL D.5: 

Para. 313 

“… activity releases can be averaged over 1000 years at the most”.  

This averaging smooths the sharp pulses that occur at times of elevated groundwater 
flow. Peak normalised release rates, with and without averaging, are also shown. 

The highest maxima in the RS1 and RS2 cases are nearly two orders of magnitude 
greater than in the Reference Case maximum, but still more than two orders of 
magnitude below the regulatory geo-bio flux constraint. This implies that more than one 
hundred canisters would have to fail simultaneously before the regulatory geo-bio flux 
constraint would be exceeded, even without taking into account the low probability that 
this event would actually happen. This exceeds the 35 to 78 canisters estimated to be in 
critical positions that are vulnerable to failure in the event of a large earthquake (see 
below). 

Furthermore, according to Guide VL D.5, the probability of unlikely events giving rise 
to radionuclide releases may be taken into account when assessing compliance with the 
release criterion. 

Para. 316 

“The importance to safety of such unlikely events shall be assessed and whenever 
practicable, the resulting annual radiation dose or activity release shall be calculated 
and multiplied by its expected probability of occurrence. The obtained expectation value 
shall be below the radiation dose constraint … or activity release constraint …”.  

The expectation value of the normalised radionuclide release rate from the geosphere in 
the RS scenario is taken to be the weighted average of all values that the release rate 
could take, given the uncertainty in the timing of the earthquake giving rise to canister 
failure due to rock shear and in the number of canisters affected. The weights used to 
evaluate this average correspond to the probabilities of a given value of normalised 
release rate arising at a given time.  
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Figure 11-8. Evolution of the single-canister geosphere release rates in the RS1- and 
RS2-cases and in the Reference Case (BS-RC), with the release rates for each 
radionuclide normalised with respect to the regulatory nuclide-specific constraints for 
radioactive releases to the environment. 1000-year centred moving averaging has been 
applied to the RS1 and RS2 curves. The figure also illustrates the selection of 
normalised release rates FA, which is representative of the peak normalised release at 
the time of canister failure, and FB, which is representative of later peaks at times of 
glacial retreat. For multiple canister failures, it also shows the probability-weighted 
normalised release rate, taking into account the uncertain timing of the earthquake 
leading to canister failure and assuming that all canisters that could potentially fail do 
in fact fail. 
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Large (M ≥ 5) earthquakes that could potentially give rise to these scenarios are most 
likely to occur in conjunction during periods of glacial retreat (as assumed in case RS2). 
The assumption that earthquakes only occur in conjunction with glacial retreat is 
cautious, in the sense that periods of glacial retreat can be associated with relatively 
high groundwater flows, as well as the possibility of low ionic strength water at 
repository depth that could lead to erosion of the buffer and the generation of bentonite 
colloids. With this assumption, the probability of an earthquake occurring during any 
one such period may be taken to be the average annual probability of a large earthquake, 
multiplied by the length of a glacial cycle and divided by the number of periods of 
glacial retreat within a glacial cycle. 

According to Section 7.2 of Performance Assessment, it can be assumed that there are 
five fault zones around and within the area of the repository that could host a large 
earthquake leading to canister failure. The average annual probability of a large 
earthquake occurring on any one of these fault zones is between around 2.3·10-8 and 
4.7·10-8 (see Table 7-2 of Performance Assessment), giving an overall average annual 
probability of an earthquake leading to canister failure on any of the five fault zones of 
between around 1.2·10-7 and 2.4·10-7. The length of a glacial cycle (excluding the 
present cycle, which is assumed to be extended due to anthropogenic effects) is 120,000 
years, and there are assumed to be three periods of glacial retreat per glacial cycle (see 
Table 11-1). Thus, the probability of a large earthquake leading to canister failure in any 
one such period, denoted by P, is at most between around 0.0048 and 0.0096 (i.e. 
between 1.2·10-7 × 120,000 / 3 and 2.4·10-7 × 120,000 / 3), assuming that the probability 
of a large earthquake occurring between these periods is negligible. Also, according to 
Section 7.2.4 of Performance Assessment, the number of canisters that could potentially 
fail in the event of a large earthquake, denoted by Ncrit, is between 35 and 78, i.e. 1.2 % 
of the total of 4500 canisters when applying the full perimeter intersection (FPI) 
criterion rock suitability criterion and 0.4 % when applying the modified FPI criterion.  

Suppose an earthquake occurs at during the nth glacial retreat after repository closure, at 
time tn, and the peak normalised release rate that occurs shortly afterwards is denoted as 
FA for each canister that fails. Cautiously assuming that all the canisters that could 
potentially fail do, in fact, fail, the contribution of this possible earthquake event to the 
expectation value of the normalised release rate at time tn is FA × P × Ncrit. The value of 
FA for any value of n is set equal to the peak normalised release rate in case RS1, even 
though RS1 postulates an earthquake that happens during the present temperate period. 
This is a cautious approach because: 

 the peak normalised release rates for later earthquakes are expected to be smaller 
due to decay of the inventory in the canisters before failure, as illustrated by the 
comparison of RS1 and RS2 release rates in Figure 11-8; and 

 the probability of a large earthquake occurring before the time assumed in RS1 (or 
at any time during the present temperate period) is expected to be low. 

FA for the RS scenario is illustrated in Figure 11-8. FB in Figure 11-8 is a normalised 
release rate that is representative of later peaks at subsequent times of glacial retreat and 
elevated groundwater flow rate. The value of FB is similar whether based in RS1 or 
RS2.  
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As illustrated in Figure 11-9, other possible timings for an earthquake that occurs during 
glacial retreat that are earlier than tn also contribute to the expectation value of the 
release rate at that time, because of the long duration of the release following canister 
failure, with further peaks at times of elevated groundwater flow rates. 

 

 

Figure 11-9. Contribution of releases due to two earthquakes, one at time tn and one at 
time tn-1, to the probability-weighted sum of normalised releases.  
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Assuming these further peaks all to have a similar magnitude FB (as is the case in Figure 
11-8 for the RS scenario) the overall expectation value, En, is given by: 

1  . (11.2-1) 

   

Note that, if FB were cautiously set equal to FA, then the expectation value, En, is equal 
to n·P·Ncrit·FA. Since P is the probability of a large earthquake giving rise to canister 
failure during one period of glacial retreat, En, is then the product of the probability of at 
least one large earthquake occurring at some time during the next n periods of glacial 
retreat, the number of canisters that could potentially fail if such an earthquake happens 
and the peak normalised release from each of the canisters that fail. This simplified 
approach is adopted in the complementary analyses in Section 12.4. However, taking 
into account the fact that FB is less than FA in the present scenario reduces the 
expectation value, since it takes account of the fact that the consequences at the time of 
the nth glacial retreat of an earthquake happening during an earlier glacial retreat (and 
hence its contribution to En) are less that if the earthquake happened during the nth 
glacial retreat. 

En increases with n, and thus takes its largest value within the million year assessment 
time window at the time of the last glacial retreat, when n = 24 (8 glacial cycles with 
three periods of glacial retreat per cycle). Using the values P = 0.0096, Ncrit = 78, FA = 
4.4·10-3 and FB = 3.0·10-4, the expectation value E24 is 0.0085. Using the values P = 
0.0048, Ncrit = 35 and the same values as before for FA and FB, the expectation value E24 
is 0.0019. Thus, the peak expectation value of the normalised release rate in the RS 
scenario (i.e. the peak probability-weighted normalised release rate), taking into account 
the uncertain timing of the earthquake leading to canister failure and assuming that all 
canisters that could potentially fail do in fact fail, is still at least around two orders of 
magnitude below the regulatory guideline. The range of values estimated for E24 is 
shown as a blue bar on the right-hand side of Figure 11-8. 

11.3 Rock shear followed by buffer erosion (RS-DIL) 

11.3.1 Summary of the scenario 

In the RS-DIL scenario, the buffer undergoes either immediate damage or longer-term 
erosion following canister failure due to rock shear. In the latter case, chemical erosion 
could occur due to the penetration of low-ionic strength water to repository depth, as in 
the scenario of corrosion failure following buffer erosion, i.e. scenario VS2, Section 
10.2. Chemical erosion of the buffer around the failed canisters would become more 
likely if the rock shear event has increased water flow through any fractures intersecting 
the deposition holes, since this would increase the likelihood of penetration of low-ionic 
strength water to these holes during glacial retreat. As the buffer erodes, radionuclides 
sorbed onto the surfaces of the buffer are assumed to be released to the geosphere, either 
in solution or associated with bentonite colloids. Once substantial buffer erosion has 
taken place, advective conditions are assumed to become established between the 
canister and the geosphere, as in the VS2 scenario. 
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11.3.2 Calculation cases and overall modelling approach 

As in the analysis of the RS scenario (Section 11.2), failure of a single canister is 
considered first. Two calculation cases are analysed, analogous to those analysed in the 
RS scenario. In RS1-DIL, as in RS1, an earthquake is postulated to occur, and a single 
canister to fail, at 40,000 years, when brackish water is assumed to be present at 
repository depth. However, unlike RS1, buffer erosion is assumed to occur gradually 
over time, as a result of the periodic infiltration of glacial meltwater to repository depth. 
In RS2-DIL, as in RS2, an earthquake is postulated to occur, and a single canister to 
fail, at 155,000 years, during a period of glacial retreat. Unlike RS2, glacial water is 
assumed to be present at this time in the near field as well as the geosphere. The 
earthquake in RS2-DIL is assumed to be more severe than in RS1-DIL, leading to rapid 
or immediate buffer damage and to the immediate establishment of advective conditions 
between the internal void space of the canister and the geosphere. 

These cases are modelled in a largely similar manner to the cases RS1 and RS2 
described in Section 11.2. The differences are as follows: 

 Groundwater composition in the near field (as well as the geosphere) is assumed to 
alternate between brackish and glacial, with glacial water present for limited periods 
during glacial retreat, resulting in time-dependent chemistry-related retention and 
transport parameters. 

 For each water type, near-field solubility limits are cautiously set to the values 
given in Models and Data for the Repository System for the internal void space of 
the canister if these are higher than the values for the buffer, or to the values for the 
buffer if these are higher. 

 Chemical erosion of the buffer occurs when glacial water is present. 

 The value assigned to the equivalent near-field flow rate, QF, takes account of the 
presence of bentonite colloids at the near-field/geosphere interface due to buffer 
erosion, which will increase the rate of transfer to the geosphere of any 
radionuclides that sorb onto them. 

 The values assigned to the transport parameters of the geosphere also take account 
of the presence of bentonite colloids.  

 Advective conditions in the buffer arise once the total buffer mass loss by erosion 
exceeds 1200 kg, as also assumed in the modelling of buffer erosion in Section 7.5 
of Performance Assessment. 

 As in the VS2 scenario, advective conditions are modelled in a ring of partly eroded 
bentonite extending radially 35 cm from the canister wall to the wall of the 
deposition hole and extending vertically above and below the fracture plane, with a 
total vertical height also of 35 cm (Figure 10-7). Advection is assumed to cause 
complete mixing of radionuclides within this ring. The conceptualisation of the 
eroded buffer is described further in Section 10.2.2. 

 Once advective conditions are established in the buffer their effect on radionuclide 
transfer to the geosphere is accounted for by means of the value assigned to the 
equivalent near-field flow rate, QF. 
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 The eroded buffer is assumed to maintain its colloid filtration function, such that 
solubility limits can be applied in the internal void space of the canister (see, 
however, the discussion of intrinsic colloids in Section 12.4.2).  

 Diffusion is modelled between the eroded bentonite ring and the remaining, 
undisturbed bentonite, and sorption is modelled in both the eroded bentonite ring 
and in the remaining, undisturbed bentonite.  

 

11.3.3 Model parameters 

The main near-field model parameters for RS1-DIL and RS2-DIL that differ from those 
of the RS1 and RS2 are shown in Table 11-2, and discussed further in the following 
paragraphs.  

In calculation case RS1-DIL, prior to advective conditions becoming established in the 
buffer at time ta [a], QF is set according to the equation: 

0.1	m a when 1

0.1 1 m a when 1
.

 

 

(11.3-1)

 

 

As noted in Section 11.2.3, an equivalent flow rate of 0.1 m3/a is a little over an order of 
magnitude higher than the Reference Case value, and is at the very high (cautious) end 
of the range for stochastic fractures in the DFN groundwater flow modelling (see Figure 
4-7). The factor 1  takes account of bentonite colloids formed at the near-
field/geosphere interface. mc [kg/m3] is the colloid concentration in fracture water (see 
below) and Kc [m

3/kg] is a mass-based partitioning coefficient for radionuclide sorption 
on colloids, which can be assumed to be equal to the buffer Kd (see the review of colloid 
data in an appendix of Models and Data for the Repository System). 
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Table 11-2. The main near-field model parameters for the analysis of the scenario of 
rock shear followed by buffer erosion (RS-DIL) that differ from those used in the 
analysis of the RS scenario. 

 Calculation case 

Parameter RS1-DIL 
(canister fails at 40,000 
years) 

RS2-DIL 
(canister fails at 155,000 
years) 

Time advective conditions established 
in the buffer 

Once 1200 kg of buffer 
eroded 

Immediately on canister failure 
 

QF [m3/a]  Eq. 11.5-1, switching to Eq. 
11.5-2 thereafter 

Eq. 11.5-2. 

UF [m2/a] (used in the calculation of R 
and mc using Eqs. 11.3-3 to11.3-5) 

0.5 0.5 

2b [m] (used in the calculation of R and 
mc using Eqs. 11.3-3 to 11.3-5) 

0.001 0.001 

Colloid concentration at near-
field/geosphere interface when glacial 
water present, mc [kg/m3]  

0.894 switching to 0.051 
once advective conditions 
established 

0.051 

Buffer erosion rate when glacial water 
present, R [kg/a] 

 0.894 0.894 (only after 155,000 
years) 

 

 

After advective conditions are established in the buffer (i.e. at all times following 
canister failure in case RS2-DIL), the equivalent flow rate at QF increases due to the 
effects of the eroded buffer region on groundwater flow. It is assigned values according 
to the equation: 

4 when 1

4 1 when 1
,

 

  (11.3-2)

where rt is the 0.875 m deposition hole radius and UF is the flow per unit in the fracture 
intersecting the deposition hole (when 1). UF is set equal to 0.5 m2/a, which is at 
the high end of the range for stochastic fractures in the DFN groundwater flow 
modelling (see Figure 4-9). 

As in the analysis of the VS2 scenario (corrosion failure following buffer erosion, see 
Section 10.3) the colloid concentration is taken to be: 

0 when	 1

/ 4 when 1
.

 

  (11.3-3)
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R [kg/a] is the buffer erosion rate, given by: 

27.2 2 .  ;  (11.3-4)

where v [m/a] is the fracture velocity, calculated from the flow parameter UF, using: 

2
 

.  (11.3-5)

2b is the fracture transport aperture, which is set to 1 mm, being at the high end of the 
range for stochastic fractures in the DFN groundwater flow modelling (see Figure 4-10). 

The geosphere transport model is similar to that shown in Figure 11-5 for the RS 
scenario. However, transport of radionuclides sorbed on bentonite colloids generated by 
buffer erosion is taken into account following the approach described in Section 3.5. 
The approach assumes reversible uptake of radionuclides on colloids. However, as 
already mentioned in the context of the VS2 scenario, there is the possibility that 
sorption of tetravalent actinides27 Th, U (which may occur partly as VI and IV) and Np 
is at least partly irreversible. The potential impact of irreversible uptake of these 
actinides on colloids is assessed in a complementary analysis presented in Section 
12.4.1, by assuming that they are transported instantaneously and without attenuation to 
the surface upon release from the near field. 

11.3.4 Radionuclide release rates 

Figure 11-10 shows the evolution of radionuclide-specific release from the repository 
near field to the geosphere in case RS1-DIL for a single failed canister. The 
radionuclides shown are those making the greatest contributions to the total. 

 

                                                 

27Pu is assumed tetravalent in alkaline water and glacial water, but is trivalent otherwise (Wersin et al. 
2012a). 
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Figure 11-10. Evolution of radionuclide release rates from the repository near field to 
the geosphere, considering the main contributing radionuclides in case RS1-DIL. 

 

The figure shows relatively rapid release of C-14, Cl-36, Ni-59, Nb-94 and Cs-135 at 
canister failure time. Thereafter, the release rates of these radionuclides become 
relatively small. However, some other radionuclides, notably Nb-93m, Tc-99, Th-229 
and Ra-226, display release maxima that occur periodically at times of elevated flow 
and glacial groundwater chemistry, when sorption of radionuclides on bentonite colloids 
also contributes to near-field release. The highest release rates are for Nb-93m, which is 
a short-lived decay product of Zr-93 with a half-life of 16.1 years. The increase in Nb-
93m release rate shortly after 2·105 years is due to advective conditions becoming 
established in the buffer at this time.  
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Figure 11-11 shows the evolution of release from the repository near field to the 
geosphere for the same radionuclides in case RS2-DIL, again for a single failed canister. 
Similar long-term near-field release rates are observed in most cases, although C-14 
release is substantially attenuated in RS2-DIL due to radioactive decay. 

 

 

Figure 11-11. Evolution of radionuclide release rates from the repository near field to 
the geosphere, considering the main contributing radionuclides in case RS2-DIL. 
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11.3.5 Comparison with regulatory constraints 

Figure 11-12 shows the overall geosphere release rates in the RS1-DIL and RS2-DIL 
cases and in the Reference Case, with the release rates for each radionuclide normalised 
with respect to the regulatory nuclide-specific constraints for radioactive releases to the 
environment (Table 2-1). Peak normalised release rates are also shown. 1000-year 
centred moving averaging has again been applied to the geosphere release rates. This 
averaging, which is in accordance with Finnish regulations, smooths the sharp pulses 
that occur at times of elevated groundwater flow. Peak normalised release rates, with 
and without averaging, are also shown. 

RS2-DIL gives a higher release maximum than RS1-DIL, which is attributable mainly 
to the higher flow conditions assumed at the time of canister failure in RS2-DIL. The 
highest maximum in RS2-DIL is more than an order of magnitude below the regulatory 
geo-bio flux constraint. This implies that more than around 20 canisters would have to 
fail simultaneously before the regulatory geo-bio flux constraint would be exceeded, 
even without taking into account the low probability that this event would actually 
happen. 

To take this low probability into account, as in the case of the RS scenario described in 
Section 11.2.5, the expectation value of the normalised radionuclide release rate from 
the geosphere is considered. This is the weighted average of all possible values that the 
release rate can take in a given scenario. The weighted average takes into account 
uncertainty in the timing of the earthquake giving rise to canister failure due to rock 
shear and in the number of canisters affected. The weights used to evaluate this average 
correspond to the probabilities of a given value of normalised release rate arising at a 
given time.  

The same approach is used as in Section 11.2.5, in which FA is representative of the 
peak normalised release at the time of canister failure and FB is representative of later 
peaks at times of glacial retreat. Figure 11-12 shows FA and FB for the RS-DIL scenario. 

As in the case of the RS scenario, P, which is the probability of a large earthquake 
leading to canister failure in any single period of glacial retreat, is taken to be between 
around 0.0048 and 0.0096 and Ncrit, the number of canisters that could potentially fail in 
the event of a large earthquake, is taken to be between 35 and 78. Applying Equation 
11.2-1, with P = 0.0096, Ncrit = 78, FA = 4.9∙10-2 and FB = 9.3∙10-3, the expectation value 
E24 is 0.20. Using the values P = 0.0048, Ncrit = 35 and the same values as before for FA 
and FB, the expectation value E24 is 0.046. Thus, the peak expectation value of the 
normalised release rate in the RS-DIL scenario (i.e. the peak probability-weighted 
normalised release rate), taking into account the uncertain timing of the earthquake 
leading to canister failure and assuming that all canisters that could potentially fail do in 
fact fail, is around an order of magnitude below the regulatory guideline. The range of 
values calculated for E24 is shown by the yellow band on the right-hand side of Figure 
11-12. 
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Figure 11-12. Evolution of the geosphere release rates in the cases RS1-DIL and 
RS2-DIL and in the Reference Case (BS-RC), with the release rates for each 
radionuclide normalised with respect to the regulatory nuclide-specific constraints for 
radioactive releases to the environment. 1000-year centred moving averaging has been 
applied to the RS1-DIL and RS2-DIL curves. The figure illustrates the selection of 
normalised release rate FA, which is representative of the peak normalised release at 
the time of canister failure, and FB, which is representative of later peaks at times of 
glacial retreat. For multiple canister failures, it also shows the probability-weighted 
normalised release rate, taking into account the uncertain timing of the earthquake 
leading to canister failure and assuming that all canisters that could potentially fail do 
in fact fail. 
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11.4 Summary of the analysis 

This chapter has presented the analysis of three disturbance scenarios that consider 
unlikely events that could, if they were to occur, impair long-term safety.  

The accelerated insert corrosion rate disturbance scenario (AIC) considers the 
possibility that an initial penetrating defect in a canister becomes enlarged over time, 
due e.g. to faster than expected corrosion of the insert, the corrosion products of which 
will occupy a larger volume than the original metal. This possibility has also been 
considered in the Monte Carlo simulations (Chapter 9) and in the VS1 variant scenario 
(Chapter 10). The PSA has also shown the time of enlargement of the hole is important 
in determining the peak release of C-14, the main radionuclide controlling the overall 
peak release in any individual realisation. In the VS1 scenario, the hole grows gradually 
(as is more likely than rapid or instantaneous enlargement) between 1000 years and 
25,000 years, and the peak release is increased by about an order of magnitude 
compared with the (hole-forever) Reference Case. In the AIC scenario, insert corrosion 
at a rate that is higher than expected is assumed to cause a sudden (instantaneous) loss 
of transport resistance of the defect after 15,000 years. The main focus of the analysis of 
the AIC scenario is to assess the significance of whether or not a transport path between 
the internal void space of the canister and the buffer exists prior to defect enlargement. 
In case AIC-LI (leaky insert), the defective canister evolves as in the Reference Case for 
the first 15,000 years, after which the defect becomes enlarged, such that it offers no 
further transport resistance. In case AIC-TI (tight insert), there is no radionuclide 
transport path from the internal void space of the canister to the buffer for the first 
15,000 years. In case AIC-TI, releases rapidly increase from zero before 15,000 years to 
peak near-field and geosphere release values that are somewhat lower than those of 
AIC-LI, which can be interpreted as due to the additional release, e.g. of C-14 from 
corrosion of the other metal parts (fractional corrosion rate 1.0·10-3 per year) to the void 
space in the canister interior in case AIC-LI before defect enlargement. The evolution of 
near-field and geosphere releases after 15,000 years is virtually the same in AIC-LI and 
in AIC-TI. In both cases, the maximum normalised release rate is increased by around 
three orders of magnitude compared with the Reference Case, but remains more than an 
order of magnitude below the regulatory geo-bio flux constraint. AIC-LI is propagated 
to the dose assessment documented in Biosphere Assessment, because, in this case, 
radionuclide releases arise within the dose assessment time window. 

The rock shear (RS) scenario considers the possibility of canister failure due to 
secondary shear movements on fractures intersecting the deposition holes in the event of 
a large earthquake. Rock shear is assumed to adversely affect the flow-related transport 
properties of the fracture intersecting the deposition hole where failure occurs. 
However, the buffer is assumed to continue to fulfil its safety functions. Two cases are 
analysed: one in which rock shear and canister failure occur at 40,000 years and one in 
which they occur at 155,000 years. In both cases, upon canister failure, there is an 
almost immediate release of IRF radionuclides, such as I-129, Cl-36 and Cs-135, and a 
more gradual release of Ni-59 and Nb-94, which are released congruently with the 
corrosion of zirconium alloy and other metal parts. Later, the highest near-field and 
geosphere release rates are due to Ra-226 and Cs-135. The peak normalised release rate 
from the geosphere for a single canister is more than two orders of magnitude below the 
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regulatory geo-bio flux constraint (reduced still further if 1000-year centred moving 
averaging is applied), implying that more than one hundred canisters would have to fail 
simultaneously before the regulatory geo-bio flux constraint would be exceeded. This 
exceeds the 35 to 78 canisters estimated to be in critical positions that are vulnerable to 
failure in the event of a large earthquake. The peak expectation value of the normalised 
release rate (i.e. the peak probability-weighted normalised release rate), taking into 
account the uncertain timing of the earthquake leading to canister failure and assuming 
that all canisters that could potentially fail do in fact fail, is also around two orders of 
magnitude below the regulatory guideline. 

In the scenario of rock shear followed by buffer erosion (RS-DIL), the buffer is 
assumed to undergo either immediate damage due to the rock shear event or longer-term 
erosion due to the penetration of low-ionic strength water to repository depth. As the 
buffer erodes, radionuclides sorbed onto the surfaces of the bentonite are released to the 
geosphere, either in solution or associated with bentonite colloids. Once sufficient 
buffer erosion has taken place, advective conditions are established between the internal 
void space of the canister and the geosphere, as in the scenario of corrosion failure 
following buffer erosion (Scenario VS2). RS-DIL is also taken to encompass cases of 
rock shear where the buffer undergoes more minor perturbation due to the rock shear 
event (deformation, local thinning). The peak expectation value of the normalised 
release rate (i.e. the peak probability-weighted normalised release rate), taking into 
account the uncertain timing of the earthquake leading to canister failure and assuming 
that all canisters that could potentially fail do in fact fail, is around an order of 
magnitude below the regulatory guideline in this scenario. 
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12 COMPLEMENTARY ANALYSES OF SENSITIVITIES AND 
UNCERTAINTIES IN THE VARIANT AND DISTURBANCE 
SCENARIOS 

In this chapter, the analyses of the variant and disturbance scenarios are extended to 
further illustrate the behaviour of the modelled system in these scenarios and explore 
more speculative model assumptions and alternative parameter values. Sections 12.1 
and 12.2 discuss complementary analyses related to variant scenarios VS1 and VS2, 
respectively. Complementary analyses related to gas-mediated release and transport in 
the AIC disturbance scenario are described in Section 12.3. Section 12.4 discusses 
colloid-related issues in the rock shear disturbance scenario RS-DIL. Section 12.5 
provides a summary of the findings from the analyses reported in the chapter.  

12.1 Variant scenario VS1 

In variant scenario VS1, it is assumed that processes occurring at the buffer/rock 
interface lead to a degradation of the outer part of the buffer and to a partial loss of its 
radionuclide retention capacity. It is further assumed that there is an initial penetrating 
defect in one of the canisters in the repository that become enlarged over time. The 
impact of highly alkaline groundwater and porewater on radionuclide retention is 
considered in the main analysis of this scenario in Section 10.1. In the following, the 
analysis is extended to include the less likely possibility of brine water being present 
around the repository. Calculations are also presented that examine the significance of 
the assumed thickness of the degraded part of the buffer, the aim being to elucidate the 
relative importance of buffer degradation and defect enlargement in scenario VS1. 

12.1.1 Effects of groundwater and porewater composition 

The effects of groundwater and porewater composition on radionuclide release rates in 
the context of a canister with a defect that is constant in time are analysed in Section 
9.7. Brackish, highly alkaline and brine waters are considered. The effects of 
groundwater and porewater composition in the context of a canister with a defect that 
enlarges over time (variant scenario VS1) are analysed in Section 10.1, where partial 
degradation of the buffer is also assumed. However, only brackish and highly alkaline 
waters are considered in the VS1 analyses. Brine water is also one of the bounding 
waters defined in Chapter 5. Based on present knowledge, the salinity of this water type 
is outside the expected range of salinities that could arise at repository depth in the 
future. Nevertheless, it is of interest to examine its potential effects on radionuclide 
retention and transport in the near field in the unlikely event that such water does reach 
the repository. Thus, a further complementary calculation case, CS1-BRINE-V, is 
considered. CS1-BRINE-V is identical to the VS1 sensitivity cases, except that 
diffusion, sorption and solubility parameters for the near field (excluding the degraded 
part of the buffer, where radionuclide retention processes are disregarded) are those 
corresponding to brine water. The impact of the degraded part of the buffer on 
radionuclide release rates is considered separately in Section 12.1.2. 

The matrix of six calculation cases illustrating the effects of groundwater and porewater 
types on releases from a canister with a defect that is either constant in time or enlarges 
overt time is shown in Table 12-1.  
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Table 12-1. Matrix of calculation cases covering alternative assumptions for the 
enlargement (or not) of the defect over time and the effects of water type on solubilities 
and sorption. 

Water type 
Defect evolution 

Constant in time Enlarges over time 

Brackish BS-RC VS1-BRACKISH 

Highly alkaline CS1-HIPH 
VS1-HIPH 
VS1-HIPH-NF1 

Brine CS1-BRINE CS1-BRINE-V 

1 Highly alkaline water in near field only 

 

Figure 12-1 shows the total near-field release rates in all six cases. The figure illustrates 
how, irrespective of groundwater type, the enlargement of the defect leads to peak near-
field release rates that are higher by about an order of magnitude than in the constant 
defect cases. 

 

Figure 12-1. Total release rates from the near field to the geosphere in the six cases 
shown in Table 12-1 (the near field models for VS1-HIPH and VS1-HIPH-NF are 
identical, and so only VS1-HIPH is shown). 
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Figure 12-2 shows the geosphere release rates in the four cases with an enlarging defect: 
VS1-BRACKISH, VS1-HIPH, VS1-HIPH-NF and CS1-BRINE-V, normalised with 
respect to the regulatory geo-bio flux constraints shown in Table 2-1. Totals summed 
over all calculated radionuclides are shown, together with the release curves for 
individual radionuclides contributing most to the sum in case CS1-BRINE-V.  

The long-term release (after a few tens of thousands of years) is higher in case CS1-
BRINE-V compared with the VS1 cases, due to the higher contribution from Ra-226. 
This is attributable to the lower sorption of Ra-226 in the buffer for brine compared 
with the other water types in the near field and geosphere, as illustrated in Figure 9-34. 
The peak release, however, is still dominated by C-14 and is the same for all the 
groundwater and porewater types considered. 

 

 

Figure 12-2. Evolution of total geosphere release rates for the calculation cases VS1-
BRACKISH, VS1-HIPH, VS1-HIPH-NF and CS1-BRINE-V, with the release rates for 
each radionuclide normalised with respect to the regulatory nuclide-specific constraints 
for radioactive releases to the environment. Radionuclide-specific release rates for 
CS1-BRINE-V are also shown. 
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12.1.2 Extent of buffer perturbation 

In the analyses of the VS1 scenario in Section 10.1, as well as an enlarging defect, it is 
assumed that processes occurring at the buffer/rock interface lead to a degradation of 
the outermost 3.5 cm of buffer, or 10 % of the overall buffer thickness. Case VS1-
BRACKISH gives a peak radionuclide normalised release rate, summed over all 
radionuclides, that is around an order of magnitude higher than in the Reference Case, 
where brackish groundwater is also assumed. The following analysis aims to elucidate 
whether it is the enlargement of the defect or the effect of the perturbed buffer zone on 
subsequent radionuclide retention and transport that is primarily responsible for this 
increase in peak release rate. 

The additional cases analysed are identical to VS1-BRACKISH except that: 

 in the first case, no region of degraded buffer is considered; and 

 in the second case, the buffer is degraded across its entire thickness. 

Note that the depth of the part of the buffer affected by degradation is uncertain. The 
value of 10 % in VS1-BRACKISH is, however, cautiously selected based on 
experimental observations of e.g. piping erosion and modelling work on e.g. bentonite-
cement interaction (see Section 9.2.3 of Formulation of Radionuclide Release 
Scenarios). The second case is therefore to be regarded as a hypothetical calculation, 
intended only to illustrate the significance of radionuclide retention and transport in the 
buffer.  

Figure 12-3 compares maximum near-field release rates of each calculated radionuclide 
in the first of these additional cases and in case VS1-BRACKISH. Differences are small 
for all calculated radionuclides. This result is not surprising; the additional mixing of 
radionuclides in the thin, perturbed buffer zone does not add significantly to the effects 
of damaged rock zone around the deposition hole, treated as a mixing volume in the 
near-field model in these calculation cases. 

The second case is analysed in a complementary calculation case CS3-PTBUF. Near-
field radionuclide release rates in case CS3-PTBUF are compared with those of VS1-
BRACKISH in Figure 12-4. Here, the release rates of many radionuclides are 
significantly increased compared with VS1-BRACKISH. Notably, the peak near-field 
release rates of Cl-36 and I-129 increase in CS3-PTBUF, which is attributable to the 
omission of anion exclusion in the degraded buffer. The peak release rates of 
radionuclides that sorb on the non-degraded buffer are also increased in CS3-PTBUF, 
e.g. Am-243, Ni-59. However, the peak release is dominated by C-14 in both cases, and 
this peak is barely affected by the extent of the degraded buffer.  

Since C-14 release is little affected by the extent of buffer perturbation, it can be 
concluded that the order of magnitude increase in the near-field release rate maximum 
in VS1-BRACKISH compared with the Reference Case observed in Section 10.1 is 
mainly due to enlargement of the defect over time, and not to the degradation of the 
outer part of the buffer. 
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Figure 12-3. Maximum near-field release rates of each calculated radionuclide in case 
VS1-BRACKISH (3.5 cm buffer alteration) and in a calculation that is identical except 
that no region of degraded buffer is considered.  
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Figure 12-4. Evolution of the total radionuclide release rate from the repository near 
field to the geosphere, summed over the F-, DZ- and TDZ-paths, and the evolution of 
release of the main contributing radionuclides, for case VS1-BRACKISH,with a limited 
extent of degraded buffer (solid lines), and for case CS3-PTBUF, with the buffer 
degraded across its entire thickness (dashed lines). 

 

12.2 Variant scenario VS2 

In variant scenario VS2, chemical erosion of the buffer is assumed to lead to advective 
conditions around some of the canisters and to corrosion failure of a small number of 
these. In Section 10.2, only one failed canister gives releases to the surface environment 
within the million year assessment time frame. The transport paths from the other failed 
canisters are too slow to give any releases in this time window, but the characteristics of 
these paths, which re-enter the engineered barrier system from the geosphere, are 
subject to significant uncertainties. These uncertainties are addressed in complementary 
analyses in Section 12.2.1. Also considered in complementary analyses are model 
uncertainties for the VS2 scenario related to colloids. In Section 12.2.2, calculations are 
also presented that illustrate the potential effects of irreversible uptake of radionuclides 
on bentonite colloids. Section 12.2.3 analyses the possibility that intrinsic colloids 
formed within and around the canister are able to migrate through the eroded buffer, 
leading to higher release rates of some radionuclides. 
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12.2.1 Transport path uncertainties 

Four canister failures are considered in the analysis of the VS2 scenario in Section 10.2. 
However, radionuclide release to the surface environment was only found to occur for 
one of these canisters, i.e. the canister analysed in case VS2-H1. For the remaining three 
failed canisters, transport paths that leave the deposition hole were found to 
subsequently re-enter the engineered barrier system, where transport is so slow that 
there is no radionuclide release from the geosphere in these calculation cases within the 
assessment time frame. While this is true of the DFN realisation of fracturing and 
groundwater flow used to model this scenario, it cannot be excluded that, in other DFN 
realisations, transport paths from the failed canisters would remain entirely within the 
geosphere until they reach the surface, and may indeed have transport properties less 
favourable than those in VS2-H1. This possibility is examined in the following 
complementary analysis. 

A set of complementary calculation cases CS4-H2, -H3 and -H4 has been analysed that 
consider the same three failed canisters that give no releases to the surface environment 
in the main analysis of this scenario in Section 10.2, but slow advective transport in 
those parts of the transport paths that re-enter the engineered barrier system is 
cautiously disregarded. Results for these cases are shown in Figure 12-5, which also 
shows the results of VS2-H1 for comparison.  

 

Figure 12-5. Evolution of geosphere release rates for the complementary cases 
CS4-H2, -H3 and -H4, with the release rates for each radionuclide normalised with 
respect to the regulatory nuclide-specific constraints for radioactive releases to the 
environment. These cases are analysed cautiously disregarding slow advective 
transport in those parts of the transport paths that re-enter the engineered barrier 
system. VS2-H1 is also shown for comparison. 
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The maximum normalised release rate is less than 10-2 in all cases, i.e. more than two 
orders of magnitude below the regulatory geo-bio flux constraint. This result also 
suggests that the peak release rates to the surface environment in VS2-H1 are probably 
not atypical of those that would be calculated for deposition holes where scenario VS2 
might potentially occur in other DFN realisations of the host rock fracture network. As 
noted in Section 10.2, somewhat higher or lower numbers of canister failures than the 
four (including VS2-H1) considered in the above analysis are possible. However, the 
low peak normalised release rate calculated for the single failed canisters in VS2-H1 
and in the complementary cases indicates that the few canister failures that could 
potentially arise could easily be tolerated without exceeding the regulatory geo-bio flux 
constraint.  

12.2.2 Irreversible radionuclide uptake on colloids formed by buffer erosion 

Colloid-facilitated radionuclide transport in the geosphere is included in the VS2- 
calculation cases, based on an assumption of reversible uptake of sorbing radionuclides 
on bentonite colloids. Since I-129 is the dominant radionuclide and iodine is assumed to 
be non-sorbing on bentonite, colloid-facilitated radionuclide transport with reversible 
uptake has no impact on the maximum normalised release rate in these cases. However, 
as described in Section 3.5, there is a possibility that sorption of the tetravalent actinides 
Th, U and Np is at least partly irreversible. To assess the potential impact of irreversible 
radionuclide uptake on bentonite colloids, the radioisotopes of these elements are, as an 
alternative assumption, modelled as being transported instantaneously and without 
attenuation to the surface environment upon release from the near field. The normalised 
near-field releases of the isotopes of these elements in case VS2-H1 are shown in Figure 
12-6. 

The radionuclides that are shown, i.e. Np-237, U-233, Th-229 and Th-230, are those 
that have normalised near-field release rates greater than 10-5. The maximum 
normalised near-field release rates are below 10-1 in all cases. Thus, even if 
(hypothetically) all of the Th, Np and U released from the near field were transported 
through the geosphere irreversibly bound to colloids, the maximum normalised release 
rate to the surface environment would remain below the regulatory geo-bio flux 
constraint, provided that the number of failed canisters is less than around ten. 

12.2.3 Intrinsic colloid release 

In the analysis of the VS2 scenario in Section 10.2, the colloid filtration function of the 
buffer is assumed to be maintained at all times, in spite of the loss of buffer density due 
to erosion. Thus, solubility limits are applied under the assumption that any 
radionuclide-bearing precipitates are unable to migrate through the buffer. However, if 
advective conditions are later established in the buffer due to buffer erosion, the 
capacity of the buffer to filter intrinsic colloids formed e.g. by precipitation or co-
precipitation of radionuclides within and around the canister may be lost. Thus, 
retention due to solubility limitation in the buffer could be reduced or lost for those 
radionuclides with the potential to form such intrinsic colloids. Radionuclides migrating 
as intrinsic colloids would also not be retarded by sorption in the same manner as 
solutes, although there is evidence for the strong attachment of intrinsic colloids to solid 
surfaces (e.g. Altmaier et al. 2004). 
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Figure 12-6. Evolution of near-field release rates of Th, U and Np isotopes in 
sensitivity case VS2-H1, with the release rates for each radionuclide normalised with 
respect to the regulatory nuclide-specific constraints for radioactive releases to the 
environment. These results bound the potential release of these radionuclides to the 
surface environment, if they are assumed to be entirely irreversibly sorbed on bentonite 
colloids. 

Intrinsic colloids can be formed if the solubility limit is exceeded and the precipitated 
compound is polymerised. This can occur for strongly hydrolysing elements. Intrinsic 
colloids can also be formed due to erosion of materials in amorphous form. Elements 
with the potential to form intrinsic colloids are Am, Be, Cm, Np, Pa, Pu, Sm, Sn, 
Tc(IV), Th, Zr and U. Other elements, such as Ra, are weakly hydrolysed. Ra is less 
than 0.01 % hydrolysed in groundwater, and the speciation is dominated by sulphate or 
carbonate complexes. The formation of intrinsic colloids can thus be excluded for these 
other elements. 

The consequences of the possible formation and migration of intrinsic colloids is 
modelled in the complementary calculation case CS3-COLL. The near-field model for 
this case is identical to VS2-H1, except that the near-field distribution coefficients of 
Am, Be, Cm, Np, Pa, Pu, Sm, Sn, Tc(IV), Th, Zr and U are cautiously set to zero and 
solubility limits for these elements are disregarded. Geosphere retention and transport 
are not calculated. The resulting near-field release rates for isotopes of the elements 
assumed to form intrinsic colloids and their progeny (including Ra-226, which is 
produced by decay of Th-230) are shown in Figure 12-7, where the release rate for each 
radionuclide has been normalised with respect to the regulatory geo-bio flux constraints 
shown in Table 2-1. Only radionuclides giving peak normalised releases of more than 
10-4 are shown.  
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Figure 12-7. Evolution of near-field release rates in case CS3-COLL for radionuclides 
that could potentially be released as intrinsic colloids, as well as their progeny. The 
release rates of each radionuclide are normalised with respect to the regulatory geo-bio 
flux constraints. For comparison, the normalised near-field release of Ra-226 in case 
VS2-H1 is also shown as a dashed line. For this radionuclide, it is cautious to assume 
that its parent (Th-230) is not released in the form of intrinsic colloids (see main text). 

 

Tc-99 gives the highest peak normalised release, which is over an order of magnitude 
below the regulatory geo-bio flux constraint (compared with a peak normalised near-
field release of 6.6·10-4 in case VS2-H1). The next highest peak normalised release is 
due to Ra-226, but this is over three orders of magnitude below the regulatory geo-bio 
flux constraint. Other radionuclides giving peak normalised releases of more than 10-4 

are Pu-242, Th-229, Th-230 and Np-237. 

By considering only near-field release and transport, it is, in effect, cautiously assumed 
that the intrinsic colloids are transported instantaneously and without retention through 
the geosphere. In reality, intrinsic colloids are likely to be stable only in supersaturated 
solutions when such conditions occur in the repository near field. Although relevant 
dissolution rate measurements for colloids without the presence of a solid phase are 
lacking in the literature, it is likely that any intrinsic colloids formed in the repository 
near field do not migrate significant distances into the geosphere. Rather, they will 
either redissolve in the undersaturated conditions likely to be encountered outside the 
near-field/geosphere interface, where radionuclide migration will be retarded due to 
matrix diffusion and sorption, or become attached to rock mineral surfaces near the 
near-field/geosphere interface.  
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In general, disregarding near-field sorption and not applying solubility limits is a 
cautious approach to the treatment of intrinsic colloids. In the case of thorium, however, 
this is not necessarily the case. This is because Th-230, immobilised by precipitation in 
the near field, provides a source of Ra-226, which is the radionuclide contributing most 
to the overall near-field release in the long term in case VS2-H1. This near-field source 
of Ra-226 is reduced if the precipitated Th-230 migrates away from the near field in the 
form of intrinsic colloids. The normalised Ra-226 near-field release in case VS2-H1 is 
also shown in Figure 12-7. The figure shows that sorption and solubility limitation of 
Th-230 in the near field does indeed result in a higher Ra-226 near-field release in case 
VS2-H1 compared with CS3-COLL, with maxima around an order of magnitude below 
the geo-bio flux constraint. Ra-226 release is, however, highly attenuated during 
transport through the geosphere, giving no calculated release to the surface environment 
in case VS2-H1 (which considers both Ra-226 release from the near field and also Ra-
226 produced by the decay of Th-230 during geosphere transport). The possibility that 
intrinsic thorium colloids become immobilised near the geosphere/biosphere interface 
has not be explicitly analysed because, as noted above, the migration of intrinsic 
colloids for significant distances through the geosphere is judged highly unlikely.   

Overall, it can be concluded that even if intrinsic colloids are released from the near 
field, the maximum normalised release rate to the surface environment would remain 
below the regulatory geo-bio flux constraint, provided that the number of failed 
canisters is less than around ten. 

12.3 Gas-mediated release and transport in the AIC disturbance 
scenario 

12.3.1 Pulse release of C-14 from the near field 

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, radionuclides are 
assumed to migrate through the repository system exclusively as dissolved species. This 
includes C-14, which is assumed to be in organic form (methane). A complementary 
analysis has, however, been performed 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.  

C-14 in the form of methane from the IRF, and released from the zirconium alloy 
cladding and other metal parts, is assumed to mix with hydrogen gas from the corrosion 
of the insert. There is significant uncertainty in the rate of corrosion of the insert and 
hence in the rate of gas generation, due in particular to uncertainty in the availability of 
water. As corrosion proceeds, the increased gas pressure inside the canister due to the 
formation of hydrogen as a corrosion product will reduce and potentially stop the inflow 
of liquid water, although slow corrosion will continue due to the inward diffusion of 
water vapour. Because of this uncertainty, a wide range of gas generation rates is 
considered in the following analysis. 

As the insert corrodes, gas pressure inside the canister rises until it reaches the gas 
breakthrough pressure of the buffer. The timing is uncertain, because of the 
uncertainties in gas generation rate mentioned above. At the moment the breakthrough 
pressure is reached, a pulse of gas, together with the C-14 with which it is mixed, will 
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be released from the internal void space of the canister and the gas pressure in the 
internal void space of the canister will fall to a value, about half the gas breakthrough 
pressure, that is just sufficient to support the pathways for gas flow and prevent their 
closure due to swelling pressure. The pulse release is thus assumed to consist of half the 
gas in the internal void space of the canister. The C-14 released with gas from the 
canister is assumed to be transferred directly and instantaneously to the geosphere.  

To evaluate this pulse release, let the initial activities of C-14 in the spent nuclear fuel 
matrix, zirconium alloy cladding, other metal parts and IRF in GBq/tU be AF, AZ, AM 
and AIRF, respectively. Let the annual fractional degradation rates of the spent nuclear 
fuel matrix, zirconium alloy cladding and other metal parts be RF, RZ and RM, 
respectively. Let the mass of average amount of uranium per canister be MU [tU]. 
Finally, let T1/2 [a] be the half life of C-14. If corrosion of the insert, zirconium alloy 
cladding and other metal parts, and dissolution of the fuel are assumed to start at 1000 
years, then Y (t), the amount of C-14, in Bq, released as a function of pulse release time, 
t [a], is given by: 

0.5 exp log 2 / /  

1000 if	 1000 1/

1000 if
1

1000 1/

1000 if
1

1000 1/

 
(12.3-1)

   

Following the pulse release, C-14 will continue to be released from the near field with 
the flowing gas, but this is not considered further in the present analyses, since it is the 
initial C-14 pulse that will dominate the peak release to the surface environment.  

Two possibilities are considered regarding the transport of the C-14 pulse release once it 
reaches the geosphere:  

1. Hydrogen gas conveys C-14 though the geosphere with no retardation by matrix 
diffusion.  

2. All hydrogen gas and gaseous C-14 reaching the geosphere dissolves in the 
relatively large amounts of water present in the rock. The C-14 is then transported 
with flowing water through the fracture network to the surface environment, 
retarded by matrix diffusion.  

These possibilities are evaluated separately in the following sections. 

In both cases, it is cautiously assumed that gas is transferred directly from the buffer 
into a fracture intersecting the deposition hole. In reality, gas may, for example, also 
migrate along the buffer/rock interface or enter any damaged zone surrounding the 
deposition hole and migrate from there into the deposition tunnel EDZ. This would, in 
turn, give rise to some spreading of the C-14 release to the geosphere. No credit is 
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explicitly taken for this spreading in the following analyses, although, as explained 
below, activity releases to the surface environment are averaged over 1000 years, as 
allowed by regulations, and the spreading due to the above near-field processes provides 
a possible line of reasoning to further support this averaging.    

12.3.2 Gas-mediated transport of C-14 through the geosphere 

The possibility that hydrogen gas conveys the pulse release of C-14 though the 
geosphere can be cautiously modelled by assumed instantaneous transport from the 
repository near field to the biosphere. Nevertheless, when comparing to the regulatory 
geo-bio flux constraint for C-14, HC-14 [GBq/a], it can be assumed that the pulse is 
spread over 1000 years. According to Guide YVL D.5: 

Para. 313 

“… activity releases can be averaged over 1000 years at the most”.  

The resulting normalised C-14 release rate, Y(t)/(1000 HC-14), is plotted as a function of 
the (uncertain) pulse release time in Figure 12-8, using the data shown in Table 12-2. 
The figure shows that, in the hypothetical case where transport through the geosphere is 
assumed to be instantaneous, the highest peak normalised release rate occurs for a pulse 
release time of 2000 years and is around 0.25, i.e. a factor of four below the regulatory 
geo-bio flux constraint.  

 

Table 12-2. Data for the calculation of normalised C-14 release rate as a function of 
gas pulse release time. The data are the same as those used for calculation cases GAS-
FC and GAS-SC. 

Parameter Value 

AF 30.3 GBq/tU 

AZ 19.5 GBq/tU 

AM 96.5 GBq/tU 

AIRF 8.25 GBq/tU 

RF 10-7/a 

RZ 10-4/a 

RM 10-3/a 

MU 2.0 tU 

T1/2 5700 a 

HC-14 0.3 GBq/a 
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Figure 12-8. Normalised C-14 release rate as a function of gas pulse release time, 
assuming this pulse to be converged instantly from the near field to the biosphere, and 
applying 1000 year averaging. The pulse release times in cases GAS-FC and GAS-SC, 
defined in Section 12.3.3, are also shown. 

 
At 2000 years (1000 years after the onset of corrosion), all the other metal parts have 
corroded and released their inventory of C-14, which amounts to 62 % of the total C-14 
inventory in the spent nuclear fuel. At later pulse release times, C-14 from the 
zirconium alloy cladding contributes increasingly to the pulse release. However, the 
zirconium alloy cladding has a relatively small C-14 inventory, with only about 13 % of 
the total. Furthermore, the amount of C-14 available for release is reduced by 
radioactive decay. As a result, the peak near-field releases for these later pulse release 
times are less than that for a pulse release time of 2000 years.  

12.3.3 Dissolution and transport of C-14 in the geosphere 

In the analysis of gas-mediated transport of C-14 through the geosphere in the previous 
section, the calculated peak release of C-14 is independent of the position in the 
repository where the defective canister is assumed to be emplaced (no flow-related 
parameter values are used in the model). However, if the hydrogen gas and gaseous C-
14 dissolves in in the relatively large amounts of water present in the rock, the defective 
canister location does play a role in subsequent geosphere transport, since it affects the 
degree to which C-14 is retarded by matrix diffusion.  

Because of uncertainty in the corrosion rate of the insert and hence in the rate of 
generation of gas in the repository near field, two cases are considered that bound the 
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range of possible rates. A faster, 1 m per year corrosion rate is assumed in case GAS-
FC (fast corrosion) and a slower, 0.1 m per year rate is assumed in case GAS-SC (slow 
corrosion). These rates are the same as those used in earlier Posiva safety analyses (see 
Table 5.9-1 in Smith et al. 2007 and Section 6.1.4 in Nykyri et al. 2008). Gas 
breakthrough and the pulse-release of C-14 from the buffer to the geosphere take place 
at 2000 years in case GAS-FC and 11,000 years in case GAS-SC; see the earlier 
analyses referred to above for details. The normalised near-field release rates at these 
times are shown in Figure 12-8, and are around 0.25 and 0.1 for GAS-FC and GAS-SC, 
respectively.  

The geosphere transport model for C-14 in cases GAS-FC and GAS-SC is as in the 
Reference Case, with the defective canister is cautiously located in deposition hole 381. 
Only the F-path is considered. The resulting normalised C-14 release rates to the surface 
environment are shown, with and without 1000-year centred moving averaging, as solid 
lines in Figure 12-9. The figure shows that the averaging reduces the peak release rates 
from the Reference Case canister location to below the regulatory geo-bio flux 
constraint. 

In reality, a defective canister is equally probably to be found in any deposition hole 
accepted for disposal, most of which will have properties more favourable in limiting 
radionuclide releases to the surface environment than deposition hole 381. The 
possibility that the canister is unfavourably located can thus be interpreted as an 
unlikely event. According to Guide VL D.5, the probability of unlikely events giving 
rise to radionuclide releases may be taken into account when assessing compliance with 
the release criterion. 

Para. 316 

“The importance to safety of such unlikely events shall be assessed and whenever 
practicable, the resulting annual radiation dose or activity release shall be calculated 
and multiplied by its expected probability of occurrence. The obtained expectation value 
shall be below the radiation dose constraint … or activity release constraint …”.  

Since C-14 is the only radionuclide of concern in the GAS scenario, it is practicable to 
perform MARFA calculations to evaluate C-14 retention and transport in the geosphere 
for all potential canister locations in the repository, using the same (location-
independent) near-field source term for each calculation. These calculations are named 
GAS-FC-ALLPOS and GAS-SC-ALLPOS, corresponding, respectively, to the faster 
and slower insert corrosion (and gas generation) rates considered in cases GAS-FC and 
GAS-SC. The number of potential deposition-hole locations considered in the analysis 
of these cases is 5391, some of which are, in reality, likely to be discarded on the basis 
of rock suitability classification (RSC) criteria (see Section 4.2.4). There are only 4500 
canisters to be disposed. However, for the analysis, it is cautiously assumed that all 
5391 locations may be used for disposal. The calculation end point for GAS-FC-
ALLPOS and GAS-SC-ALLPOS is the C-14 release rate, averaged over all calculated 
positions. Since the probability of the defective canister being locating in any given 
deposition hole is independent of hole location, this endpoint is the expectation value of 
the release rate. 
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Figure 12-9 also shows, as dashed lines, the evolution of the C-14 release rate from the 
geosphere averaged over all potential canister locations in calculation cases GAS-FC-
ALLPOS and GAS-SC-ALLPOS. Averaging over all potential canister locations lowers 
the peak release rates to around two orders of magnitude below the regulatory geo-bio 
flux constraint. 

 

Figure 12-9. Evolution of the C-14 release rates from the geosphere in cases GAS-FC 
and GAS-SC, with and without 1000 year averaging, and in cases GAS-FC-ALLPOS 
and GAS-SC-ALLPOS, with averaging over all potential canister locations. 
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12.4 Colloid-related issues in the rock shear scenarios 

12.4.1 Irreversible radionuclide uptake on colloids formed by buffer erosion 

The rock shear disturbance scenario assumes canister failure due to shear movements on 
fractures intersecting the deposition holes in the event of a large earthquake. In RS, the 
buffer is assumed not to be significantly affected by this event. In RS-DIL, however, the 
buffer undergoes either immediate damage or longer-term chemical erosion, leading to 
the formation of bentonite colloids that could affect the transport of radionuclides 
through the geosphere. Colloid-facilitated radionuclide transport in the geosphere is also 
included in the RS1-DIL and RS2-DIL calculation cases, based on an assumption of 
reversible uptake of sorbing radionuclides on bentonite colloids. However, as discussed 
in Section 12.2.2 in the context of the VS2 scenario, there is a possibility that sorption 
of Th, U and Np is at least partly irreversible.  

As in the case of the VS2 scenario, the potential impact of irreversible uptake of Th, U 
and Np on bentonite colloids in the RS-DIL scenario is bounded by assuming these 
elements to be transported instantaneously and without attenuation to the surface upon 
release from the near field. The normalised near-field releases of the isotopes of these 
elements from a single failed canister in cases RS1-DIL and RS2-DIL are shown in 
Figure 12-10. Actinides not shown in the figure, i.e. U-234, U-235, U-236, U-238 and 
Th-232, have maximum normalised near-field releases of less than 10-5. As in the main 
analysis of the RS-DIL scenario in Section 11.3, 1000-year centred moving averaging 
has been applied to the geosphere release rates. This averaging, which is in accordance 
with Finnish regulations, smooths the sharp pulses that occur at times of elevated 
groundwater flow. 

This calculation is for a single canister failure due to rock shear. As noted in Section 
11.2.5, for multiple canister failures, the peak of the expectation value of the normalised 
release rate can be cautiously taken to be the product of the probability of at least one 
large earthquake occurring during the million year assessment time frame, the number 
of canisters that could potentially fail if such an earthquake happens and the peak 
normalised release from each of the canisters that fail. The probability of at least one 
large earthquake occurring during the million year assessment time frame is estimated at 
between 0.12 and 0.23 (i.e. between 0.0048 × 24 and 0.0096 × 24). The number of 
canisters in critical positions is between 35 and 78. Thus, the peak releases in Figure 
12-10 should be multiplied by between about 4 and 18 to get a cautious estimate of the 
peak of the expectation value of the normalised release rate from multiple failed 
canisters. The result is around the regulatory geo-bio flux constraint. It is, however, 
emphasised that this calculation is hypothetical. In reality, only a small part, if any, of 
the Th, Np and U released from a repository is expected to become irreversibly sorbed 
to bentonite colloids. 
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Figure 12-10. Evolution of near-field release rates for radionuclides with the potential 
to sorb irreversibly on bentonite colloids in case RS1-DIL (upper figure) and case RS2-
DIL (lower figure), with the release rates for each radionuclide normalised with respect 
to the regulatory nuclide-specific constraints for radioactive releases to the 
environment. 1000-year centred moving averaging has been applied. 
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12.4.2 Intrinsic colloid release 

In the analysis of the RS-DIL scenario in Section 11.3, the colloid filtration function of 
the buffer is assumed to be maintained at all times, in spite of the loss of buffer density 
postulated in this scenario. Thus, solubility limits are applied under the assumption that 
any radionuclide-bearing precipitates are unable to migrate through the buffer. 
However, as discussed in Section 12.2.3 in the context of the VS2 scenario, if advective 
conditions become established in the buffer, the capacity of the buffer to filter intrinsic 
colloids formed e.g. by precipitation or co-precipitation of radionuclides within and 
around the canister may be lost. Thus, retention due to solubility limitation in the buffer 
could be reduced or lost for those radionuclides with the potential to form such intrinsic 
colloids.  

The consequences of the possible formation and migration of intrinsic colloids in the 
RS-DIL scenario would be similar to the consequences in the VS2 scenario, as 
represented by the complementary calculation case CS3-COLL analysed in Section 
12.2.3. In this case, the near-field distribution coefficients of Am, Be, Cm, Np, Pa, Pu, 
Sm, Sn, Tc(IV), Th, Zr and U are cautiously set to zero and solubility limits for these 
elements are disregarded. The resulting normalised near-field release rates for isotopes 
of the elements assumed to form intrinsic colloids and their progeny are shown in 
Figure 12-7. Geosphere retention and transport are not calculated. By considering only 
near-field release and transport, it is, in effect, cautiously assumed that the intrinsic 
colloids are transported instantaneously and without retention through the geosphere. 
Tc-99 gives the highest peak normalised release, which is a little over an order of 
magnitude below the regulatory geo-bio flux constraint.  

This calculation is for a single canister failure due to rock shear. As in the previous 
section, the peak normalised releases for a single canister should be multiplied by 
between about 3 and 8 to get a cautious estimate of the peak of the expectation value of 
the normalised release rate from multiple failed canisters. The result again remains 
below, but near to, the regulatory geo-bio flux constraint. Here, however, it is 
emphasised that the assumption that intrinsic colloids are transported instantaneously 
and without retention through the geosphere is highly cautious and hypothetical. It is 
most likely such colloids they will either redissolve in the undersaturated conditions 
likely to be encountered outside the near-field/geosphere interface, where radionuclide 
migration will be retarded due to matrix diffusion and sorption, or become attached to 
rock mineral surfaces. 

12.5 Summary of the analyses 

The analysis of the variant and disturbance scenarios has been extended to illustrate the 
behaviour of the modelled system in these scenarios and explore more speculative 
model assumptions and alternative parameter values.  

In variant scenario VS1, it is assumed that processes occurring at the buffer/rock 
interface, lead to a degradation of the outer part of the buffer and to a partial loss of its 
radionuclide retention capacity. It is further assumed that there is an initial penetrating 
defect in one of the canisters in the repository that becomes enlarged over time. 
Complementary analyses address the effects of groundwater and porewater composition 
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in this scenario. Brine water gives higher long-term release rates (after a few tens of 
thousands of years) compared with either brackish or highly alkaline water, due to the 
larger contribution from Ra-226. The peak release is, however, still dominated by C-14 
and is the same for all the groundwater and porewater types considered. Complementary 
analyses also show that the order of magnitude increase in the near-field release rate 
maximum in the VS1 case with brackish water compared with the Reference Case is 
mainly attributable to enlargement of the defect over time, and not to the degradation of 
the outer part of the buffer. 

In variant scenario VS2, chemical erosion of the buffer is assumed to lead to advective 
conditions around some of the canisters and to corrosion failure of four of these. 
However, for three out of four of the failed canisters, transport paths that leave a 
deposition hole subsequently re-enter the engineered barrier system, where transport is 
so slow that there is no radionuclide release from the geosphere in these calculation 
cases within the one million year assessment time frame. The complementary analyses 
show that the peak release rate to the surface environment from the remaining canister is 
probably not atypical of those that would be calculated for deposition holes where 
buffer erosion and corrosion failure of the canister might potentially occur in other DFN 
realisations of the host rock fracture network. Furthermore, up to around a hundred such 
locations could be tolerated before the regulatory geo-bio flux constraint would be 
exceeded. Given that the performance assessment indicates just a few locations (four in 
the reference case), this margin is deemed to be adequate.  

The possibility of irreversible uptake of Th, Np and U on bentonite colloids in the VS2 
scenario has also been considered. Even if all of the Th, Np and U released from the 
near field is hypothetically assumed to be transported through the geosphere irreversibly 
bound to colloids, the maximum normalised release rate to the surface environment 
remains below the regulatory geo-bio flux constraint, provided that the number of failed 
canisters is less than around ten. 

The possibility has also been considered that intrinsic colloids formed within and 
around the canister are able to migrate through the eroded buffer. Even if intrinsic 
colloids migrate from the near field and are hypothetically assumed to be transported 
instantaneously and without retention through the geosphere, the maximum normalised 
release rate to the surface environment remains below the regulatory geo-bio flux 
constraint, provided that the number of failed canisters is less than around ten. It is, 
however, more likely that intrinsic colloids would either to attach to mineral surfaces 
within or around the repository, or to dissolve in the undersaturated conditions likely to 
be encountered outside the near-field/geosphere interface. In the latter case, the 
radionuclides would be subject to retardation due to matrix diffusion and sorption in the 
geosphere, and further attenuation of releases due to radioactive decay. 

As an extension of the AIC disturbance scenario, the possibility is considered that C-14 
in the form of methane migrates from a canister with an initial penetrating defect 
through the repository near field carried by repository-generated hydrogen gas. A pulse 
of C-14 and hydrogen is released from the near field once gas pressure reaches the 
breakthrough pressure of them buffer. Two possibilities are considered regarding the 
transport of this pulse release once it reaches the geosphere:  
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1. Hydrogen gas conveys C-14 though the geosphere with no retardation by matrix 
diffusion.  

2. All hydrogen gas and gaseous C-14 reaching the geosphere dissolves in the 
relatively large amounts of water present in the rock. The C-14 is then transported 
with flowing water through the fracture network to the surface environment, 
retarded by matrix diffusion.  

The first possibility is bounded by assuming instant transport of C-14 released with 
hydrogen from the repository near field to the biosphere, with the pulse release averaged 
over 1000 years, as allowed by regulations. It is found that the highest peak normalised 
release rate occurs for a pulse release time of 2000 years and is around 0.25, i.e. a factor 
of four below the regulatory geo-bio flux constraint. The second possibility can be 
analysed using the same geosphere transport model as in the Reference Case. The peak 
normalised release rate to the surface environment from the Reference Case canister 
location, applying 1000-year centred moving averaging, is a little below the regulatory 
geo-bio flux constraint. Releases can, in this case, also be averaged over all potential 
canister locations, since all are equally likely locations for a defective canister. Most 
locations have more favourable geosphere retention properties than the location 
assumed in Reference Case, and averaging over all potential locations lowers the peak 
release rates to around two orders of magnitude below the regulatory geo-bio flux 
constraint. 

The rock shear scenarios RS and RS-DIL assume canister failure due to shear 
movements on fractures intersecting the deposition holes in the event of a large 
earthquake. In RS, the buffer is assumed not to be significantly affected by this event. In 
RS-DIL, however, the buffer undergoes either immediate damage or longer-term 
chemical erosion, leading to the formation of bentonite colloids that could affect the 
transport of radionuclides through the geosphere. The potential impact of irreversible 
uptake of Th, U and Np on bentonite colloids formed by buffer erosion has been 
assessed in the complementary analyses in a similar way as for the VS2 scenario, by 
assuming these elements to be transported instantaneously and without attenuation to 
the surface upon release from the near field. With 1000-year centred moving averaging, 
peak releases from a single failed canister are about an order of magnitude below the 
regulatory geo-bio flux constraint. For multiple canister failures, the peak of the 
expectation value of the normalised release rate is shown to be between about 4 and 18 
times higher than that for a single canister (the probability of at least one large 
earthquake occurring during the million year assessment time frame is estimated at 
between 0.12 and 0.23 and the number of canisters in critical positions is between 35 
and 78). The result is thus near the regulatory geo-bio flux constraint. It is, however, 
emphasised that this calculation is hypothetical. In reality, only a small part, if any, of 
the Th, Np and U released from a repository is expected to become irreversibly sorbed 
to bentonite colloids. 

Finally for RS-DIL, as for VS2, the possibility must be considered that intrinsic colloids 
formed within and around the canister are able to migrate through the eroded buffer. 
The consequences in the case of a single failed canister would be similar to those for 
VS2, with a peak normalised release rate a little over an order of magnitude below the 
regulatory geo-bio flux constraint. As described above, the peak of the expectation 
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value of the normalised release rate for multiple canisters failing due to rock shear is 
about 4 to 18 times higher than that for a single canister and is near to the regulatory 
geo-bio flux constraint. However, as in the case of the VS2 scenario, it is emphasised 
that the assumption has been made that intrinsic colloids are transported instantaneously 
and without retention through the geosphere and that this assumption is highly cautious 
and hypothetical.  
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13 COMPLEMENTARY INDICATORS 

This chapter presents calculations of complementary indicators, and overview of which 
is provided in Section 13.1. Section 13.2 discusses how the activity in the various parts 
of the disposal system evolves over time. Sections 13.3 and 13.4 present the evolution 
of the concentrations of activity in repository system compartments and the evolution 
activity fluxes between compartments, including comparisons with other sources than 
the repository causing radiation exposure. Finally, based on a simplified model of the 
repository system, Section 13.5 presents radionuclide-specific characteristic quantities 
for the repository system that can provide insight into the relative importance of 
different features and processes.  

13.1 Overview of complementary indicators 

Posiva uses the term safety indicator for the quantities derived in safety assessment to 
assess compliance with the regulatory radiation protection constraints. Hence, annual 
doses to most exposed and other people, absorbed dose rates to plants and animals and 
activity fluxes from the geosphere are safety indicators. However, these quantities are 
not only used to assess compliance. In particular, activity fluxes can also be used to 
support the level of safety of the disposal system by comparing them with naturally 
occurring fluxes of radioactive substances. When used in this context, these quantities 
are referred to as complementary indicators, a term which also includes other quantities 
such as activities and activity concentrations that illustrate the performance of 
individual or multiple system components. 

The use of complementary indicators in safety assessments and in safety cases is 
discussed in Section 11.1 of Complementary Considerations. Their main roles are either 
to highlight the performance of certain components of the disposal system, or to provide 
an alternative line of argument for safety. The complementary indicators evaluated as 
part of the assessment of the repository system are summarised in Table 13-1, and 
described further in the following sections. Further complementary indicators more 
relevant to the surface environment are evaluated in Biosphere Assessment, along with 
the safety indicators: annual doses to most exposed and other people, and absorbed dose 
rates to plants and animals.   
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Table 13-1. Complementary indicators evaluated as part of the assessment of the 
repository system. 

Indicator Unit Domain Comment/section 

Complementary indicators 

Activity in 
compartments  

Bq Spent nuclear fuel, near-field 
compartments (canister, buffer, 
backfill), geosphere and 
biosphere 

Evaluated for Reference Case; 
Section 13.2.  

Activity concentrations Bq/m3 Canister void space, buffer, 
backfill 

Evaluated for Reference Case 
and case VS1-BRACKISH; 
Section 13.3. 

Activity flux Bq/a Release from spent nuclear fuel, 
release from near field to 
geosphere and from geosphere 
to biosphere 

Evaluated for all calculation 
cases. Note: activity flux from 
the geosphere to biosphere is 
also a safety indicator, but is 
discussed in Section 13.4 in 
the context of comparison with 
e.g. naturally occurring activity 
fluxes. 

Fractional mass 
transfer rates 

1/a From near field and from 
geosphere 

Evaluated for Reference Case; 
Section 13.5. 

Delay times a In near-field compartments and 
in geosphere 

 

13.2 Activity in compartments 

The evolution of the activity in each of the system compartments can be used to 
illustrate where the majority of activity resides at any given time. 

Figure 13-1 shows the evolution of the total activity, summed over all calculated 
radionuclides (see Appendix F), in the repository system compartments (fuel, zirconium 
alloy and other metal parts, canister water and precipitates, buffer, backfill, rock) and in 
the global biosphere in the Reference Case. The activity in the global biosphere is 
obtained from the integrated activity released from the geosphere, taking into account 
radioactive decay and ingrowth. It thus includes activity present in the open sea, as well 
on and around Olkiluoto Island.   



323 

 

 

Figure 13-1. Evolution of the total activity, summed over all calculated radionuclides, 
in the fuel, zirconium alloy and other metal parts, in the canister water and precipitates, 
in the buffer, in the backfill, in the geosphere and in the global biosphere in the 
Reference Case. The meaning of the “global biosphere” is explained in the main text.  

 

The figure shows that the majority of activity (around 90 % or more at all times after 
release of radionuclides from the canister begins at 1000 years) remains within the spent 
nuclear fuel, zirconium alloy and other metal parts throughout the million year 
assessment time frame. Activity in these components decreases by about two orders of 
magnitude between 1000 years and one million years, and the activity in the buffer, 
backfill, rock and the global biosphere increases. However, even after one million years, 
the activity contained within the fuel, zirconium alloy and other metal parts is still about 
three orders of magnitude higher than that in the backfill, and four or more orders of 
magnitude higher than that in the buffer, geosphere or global biosphere. This illustrates 
the effectiveness of the spent nuclear fuel and canister in providing long-term 
containment, even in the presence of a small penetrating defect. Long periods of 
retention and the slowness of transport processes mean that substantial radioactive 
decay takes place for the majority of radionuclides before any eventual release to the 
surface environment can occur. 

The activity peak in the geosphere (and global biosphere) at a little over 10,000 years is 
due predominantly to C-14. At later times, the activity in the geosphere is dominated by 
Cs-135. Figure 13-2 shows the evolution of C-14 and Cs-135 activity in the various 
repository system compartments and in the global biosphere in the Reference Case. 
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Figure 13-2. Evolution of the C-14 (upper figure) and C-135 (lower figure) activities in 
the fuel, the canister, the buffer, the backfill, geosphere and global biosphere. 
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The figure shows the substantial decay of C-14 (5700 years half-life) that occurs over 
the assessment time frame although, because the radionuclide is non-sorbing in the 
Reference Case, a small fraction of the C-14 activity still migrates through the 
repository system to the surface environment in spite of the decay that occurs during 
migration. At all times, most of the C-14 activity is retained within the canister, firstly 
in the fuel, zirconium alloy and other metal parts and later, as the zirconium alloy and 
other metal parts corrode, in the water inside the canister void space. 

Cs-135 (2.3·106 years half-life), by contrast, decays only a little over the assessment 
time frame. Again, however, most of the activity is retained within the spent nuclear 
fuel and canister. Furthermore, sorption during migration through the repository system 
means that, even after a million years, only a small fraction of the total activity has 
reached the surface environment. 

13.3 Activity concentrations 

Spatially averaged activity concentrations in the water inside the canister (including 
precipitates), in the buffer and in the backfill can readily be calculated from the total 
activities in these compartments by dividing by the compartment volumes. Activity 
concentrations for the host rock are not so readily calculated, since the relevant volume 
by which to divide is not well defined (i.e. the plume of radionuclides emanating from 
the repository does not have well-defined spatial boundaries), and is not evaluated in the 
present report. In general, however, it can be stated that repository derived activity 
concentrations in the host rock are expected to be lower than those in the buffer and 
backfill, due to dilution in the relatively large amounts of water in the rock. Near the 
interface between the near field and geosphere, similar concentrations are more likely, 
although there will be differences due to differences in sorption and due to the fact that 
repository-derived radionuclides will be confined mainly to fractures and to the 
immediately adjacent rock matrix. 

As noted in Section 6.4.1, the volume of the void space in the canister interior, which 
becomes water filled if the canister fails, is taken to be 700 litres and is assumed to 
remain constant over time. In the case of the buffer, the total saturated volume in a 
BWR deposition hole is 14.60 m3 (see Performance Assessment, Table 3-7). For the 
backfill, the volume can be set to the tunnel cross-sectional area (14 m2, see e.g. Figure 
3-2), multiplied by the horizontal distance along the deposition tunnel from the 
deposition hole to the downstream fracture to which radionuclides are assumed to 
migrate following the TDZ-path (5.84 m in the Reference Case, see Section 6.2), giving 
a volume of about 82 m3. This estimate errs on the cautious (low) side, since, in reality, 
not all radionuclides will be transferred to the fracture and some may migrate for longer 
distances along the tunnel, and also diffuse upstream.  

Figure 13-3 shows the evolution of the spatially averaged activity concentrations in the 
canister water (including precipitates), in the buffer and in the backfill, summed over all 
calculated radionuclides. The activity concentrations vary according to the case-
dependent retention and transport properties. Two examples are shown in Figure 13-5: 
the Reference Case, in which releases to the buffer and backfill are restricted by the 
small size of the defect in the canister, and case VS1-BRACKISH, where the defect size 
is assumed to increase with time. 
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Figure 13-3. Evolution of the spatially averaged activity concentrations in the canister 
water (including precipitates), the buffer and the backfill, summed over all calculated 
radionuclides, in the Reference Case and in case VS1-BRACKISH. For comparison, the 
approximate activity concentration occurring naturally in the host rock is also shown. 

 

The figure compares these activity concentrations with the activity concentration 
occurring naturally in the host rock, which is dominated by K-40 (7.9·102 Bq per kg of 
rock or 2.1·106 Bq/m3; see Table B-5 of Complementary Considerations). The 
comparison shows that, in the Reference Case, activity concentrations in the buffer and 
backfill are similar to those occurring naturally in the host rock, except beyond about 
100,000 years, when higher activity concentrations arise in the backfill. In VS1-
BRACKISH, where enlargement of the defect increases the release rate of radionuclides 
to the buffer and backfill, activity concentrations in these components are higher than 
those occurring naturally in the host rock and all times beyond a few thousand years. 
Much higher activity concentrations are found in the water in the internal void space of 
the canister, and these show negligible difference between the Reference Case and VS1-
BRACKISH.    

It should be noted that the activity concentrations due to uranium and thorium isotopes 
in the rock are much lower than that due to K-40: 5.2·104 Bq/m3 for U-238, 
2.4·103 Bq/m3 for U-235 and 6.2·104 Bq/m3 for Th-232 (see Table B-5 of 
Complementary Considerations). Also, the K-40 activity in the host rock is mainly 
incorporated into the structure of potash feldspar mineral grains and other stable 
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minerals and is thus largely unaffected by the transport processes affecting repository-
derived activity concentrations in the buffer and backfill. It should further be noted that 
there is naturally occurring K-40 activity in the buffer and backfill, but at concentrations 
lower than in the host rock28.  

Radionuclide-specific activity concentrations in the buffer and backfill can also be 
compared with those occurring in NORM, i.e. “naturally-occurring radioactive 
material”. The term NORM is taken to include material that has been moved from its 
original location and form by human activities such as mining and processing (see 
Section 11.3.1 of Complementary Considerations). As an example, in Figure 13-4, 
activity concentrations in the buffer and backfill in the Reference Case are compared 
with typical natural radionuclide activity concentrations in coal and fly-ash29. For coal 
and fly-ash, typical activity concentrations are, respectively, around 200 Bq/kg and 
3500 Bq/kg (from Table 11-13 of Complementary Considerations, summing over all 
radionuclides presented there).  

 

Figure 13-4. Evolution of the spatially averaged activity concentrations in the buffer 
and the backfill, summed over all calculated radionuclides, in the Reference Case. 
Typical activity concentrations in coal and fly-ash are also shown for comparison. 
                                                 

28 Potassium oxide is present in MX-80 bentonite at around 0.53−0.62 wt. %, i.e. around 2.2 to 2.5 g of 
potassium per kg (Kumpulainen & Kiviranta 2010). The specific activity of K-40 is about 31.3 Bq per g 
of elemental potassium (Argonne National Laboratory 2005). This gives a K-40 concentration in MX-80 
of 69 to 78 Bq per kg.  

29 Fly-ash is the fine particles that rise with the flue gases during coal combustion. In the past, fly-ash was 
commonly released to the atmosphere. It is now largely captured and has a number of uses. For example, 
it can be mixed with Portland cement in concrete production. It is also disposed of in landfills and ash 
ponds. 
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The figure shows that the activity concentrations in the buffer and backfill are in the 
same range as in these NORM materials.  

Of the radionuclides present in coal and fly-ash, Ra-226 is the only one that also 
contributes significantly to overall the activity concentrations in the buffer and backfill 
(though much less than other radionuclides not present in significant amounts in coal 
and fly-ash, such as C-14 and Cs-135). Figure 13-5 shows that the Ra-226 
concentrations in the buffer and backfill in the Reference Case are an order of 
magnitude or more less than those in coal and fly-ash30. 

To place these concentrations in perspective, IAEA (2005) discusses the derivation of 
activity concentration values for exclusion, exemption and clearance from regulatory 
control. In the case of natural radionuclides, such as Ra-226, in materials which have 
been modified by human actions such as ore processing, the level suggested is about 
1000 Bq/kg. This value was not set on the basis of meeting a specific dose criterion, but 
on a range of practical issues. However, a wide range of assessments, as discussed in 
Smith et al. (2010), suggests that bulk materials in the surface environment 
contaminated at a level of about 1000 Bq/kg of Ra-226 give rise to annual individual 
doses of the order of 1 mSv. 

 

Figure 13-5. Evolution of the spatially averaged Ra-226 activity concentrations buffer 
and the backfill in the Reference Case. Typical Ra-226 activity concentrations in coal 
and fly-ash are also shown for comparison. 

                                                 

30 Note that Ra-226 decays to Rn-222, a gas that readily can escape from fly-ash unless measures are 
taken to counteract this. 
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13.4 Activity fluxes 

13.4.1 Natural activity fluxes in groundwater 

Radionuclide concentrations and fluxes occurring in natural systems are discussed in 
Section 11.2 of Complementary Considerations. Specifically, the report discusses 
groundwater fluxes and fluxes due to the erosion of rocks. 

Naturally-occurring radionuclides in the bedrock can dissolve in groundwater during its 
transit through the geosphere from its recharge to its discharge locations. The resulting 
fluxes of dissolved radioactive species can be compared with repository radionuclide 
releases. Natural fluxes of dissolved radioactive species are the product of the 
groundwater flux and the naturally occurring radionuclide concentrations in the 
groundwater. Calculated groundwater fluxes for three horizontal planes in the Olkiluoto 
bedrock at around repository depth are given in Table 13-2, which is reproduced from 
Table 11-5 of Complementary Considerations. Data are calculated based on 
hydrogeological modelling for 5000 AD, taking the significant fracture zones into 
account (Löfman & Karvonen 2012). 5000 AD is about the time of the maximum 
radionuclide release rates from the near field and geosphere in the Reference Case. 

Table 13-2 also shows the natural uranium and Ra-226 fluxes across the three planes, 
using the groundwater concentrations for these elements from Pitkänen et al. (2003) and 
groundwater fluxes that are the sum of the downward and the upward fluxes calculated 
in the hydrogeological modelling (Ra-226 fluxes based only on upward groundwater 
fluxes would be a factor of two to three smaller). Ra-226 is a relatively mobile 
radionuclide arising from radio-elements such as uranium occurring naturally in the host 
rock that, for the most part, remain immobile in crystalline mineral phases. The activity 
conveyed by dissolved uranium in groundwater is thus much less than that conveyed by 
its more soluble progeny, including Ra-226. Note that, as described in Biosphere 
Assessment, Ra-226 and its progeny have the highest dose conversion factor for the 
hypothetical wells of all radionuclides considered in the safety assessment. Thus, if the 
activity flux from the repository, summed over all radionuclides, is similar to or less 
than the natural Ra-226 flux, this indicates that the activity flux from the repository is 
no more radiologically toxic than the natural flux, based on a measure of toxicity (the 
dose conversion factors for the hypothetical wells) that is relevant to the site.  

The natural Ra-226 in flux in Table 13-2 ranges from 7.88·104 to 6.96·105 Bq/(km2·a), 
depending on the model used and the depth considered. The repository footprint31 is 
around 4 km2. Thus, the flux range with which releases from the repository can be 
compared is 3.2·105 to 2.8·106 Bq/a. It should be noted that, since the groundwater flux 
will vary with time, e.g. in response to future periods of permafrost and glaciation, the 
natural Ra-226 flux will vary. These variations have not, however, been assessed in 
TURVA-2012 and, in the following comparisons, the above natural Ra-226 flux range  
 

                                                 

31The footprint is calculated based on the extension of the repository in east-west direction (2.3 km) and 
in north-south direction (1.7 km). This area covers also partly some of the significant hydraulically active 
zones. The area covered by the actual tunnels is slightly below 2 km2. 
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Table 13-2. Groundwater fluxes at Olkiluoto [m3/(km2·a)] at 5000 AD and 
corresponding U and Ra concentrations in, and fluxes through, the reference planes 
located at depths of 375 m, 475 m and 575 m (reproduced from Table 11-5 of 
Complementary Considerations). 

Repository site Upper plane 
375 m 

Middle plane 
475 m 

Lower plane 
575 m 

 Total groundwater flux (upwards, downwards) m3/(km2·a) 

Semi-homogeneous properties 1  74.2  
(30.1, 44.1) 

42.6 
(17.3, 25.3) 

21.3 
(8.3, 13.0) 

Heterogeneous properties 2 128.9 
(46.9, 82.0) 

66.3 
(21.2, 45.1) 

29.6 
(8.0, 21.6) 

 U flux [kg/(km2·a)] across the planes 

Concentration U 0.208 µg/L 0.038 µg/L 0.03 µg/L 

Semi-homogeneous properties 1 0.15·10-3 16.2·10-6 6.4·10-6 

Heterogeneous properties 2 0.27·10-3 25.2·10-6 8.90·10-6 

 Ra flux [Bq/(km2·a)] across the planes 

Concentration Ra 5.4 Bq/L  4.6 Bq/L 3.7 Bq/L 

Semi-homogeneous properties 1 4.01·105 1.96·105 7.88·104 

Heterogeneous properties 2 6.96·105 3.05·105 1.10·105 

Notes (for further explanation, see Löfman & Karvonen 2012):  

1:  The term “semi-homogeneous properties” refers to a model of the hydraulic properties of the 
geosphere. In this model, there is constant transmissivity for most of the hydraulic zones and the 
sparsely fractured rock (SFR) between hydraulic zones is divided by depth into layers with different 
hydraulic properties; 

2:  The term “heterogeneous properties” refers to the alternative model of hydraulic properties in which 
hydraulic zones have heterogeneous transmissivities and the properties of the SFR are scaled based 
on the Discrete Fracture Network (DFN) model. 

 

is (hypothetically) shown as persisting throughout the assessment period. It should also 
be noted that Ra-226 concentrations are only based on four samples taken at Olkiluoto 
from different groundwater types and depths. These concentrations are relatively high 
compared with other investigation sites in Finland investigated earlier in Posiva’s 
programme (e.g. Romuvaara and Kivetty), where at the same depth range, Ra-
226 concentration is no higher than 0.025 Bq/L. Nonetheless, the radium concentration 
is generally higher in the more saline waters that are typical for coastal areas and in Ca-
rich rich groundwaters such as those at Olkiluoto (Pitkänen et al. 2003, see also e.g. 
Pöllänen 2003). 

Figure 13-6 shows the near-field and geosphere release rates, summed over all 
radionuclides, for the various Base Scenario calculation cases (i.e. the Reference Case 
and sensitivity cases), in comparison with the natural Ra-226 flux range. In all these 
cases, the releases from the repository are more than an order of magnitude below the 
lower bound of the natural flux range through the repository area at around repository 
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depth. As explained above, this also indicates that the activity flux from the repository is 
no more radiologically toxic than the natural flux, based on a measure of toxicity that is 
relevant to the site. 

 

 

Figure 13-6. Near-field (upper figure) and geosphere (lower figure) release rates for 
the various base scenario calculation cases, compared with the natural Ra-226 flux 
range through the repository area at around repository depth. 
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Figures 13-7 shows the near-field and geosphere release rates for the variant scenario 
calculation cases, compared with the natural Ra-226 flux range. In the VS1 scenario 
cases (i.e. the scenario of enlarging defect/degradation of the buffer around a defective 
canister, as analysed in Section 13.2), the peak release rates from the repository near 
field and from the geosphere are a little above the lower bound of the natural Ra-226 
flux range through the repository area at around repository depth. In the VS2 scenario 
cases (i.e. the scenario of corrosion failure following buffer erosion, as analysed in 
Section 13.3), near-field releases significantly exceed the natural Ra-226 flux range 
through the repository area at around repository depth. However, geosphere releases 
occur only in case VS2-H1, and, in this case, the peak release is around an order of 
magnitude below the lower bound of the natural Ra-226 flux range.  

Figure 13-8 shows the near-field and geosphere release rates for the AIC (accelerated 
insert corrosion rate) calculation cases. The near-field and geosphere release rates 
exceed the natural Ra-226 flux range through the repository area for a few thousand 
years following enlargement of the initial, small defect in the canister at 15,000 years 
after emplacement. Thereafter, release rates remain within or below the natural Ra-226 
flux range.  

Finally, near-field and geosphere releases for the RS (earthquake and rock shear) and 
RS-DIL (rock shear followed by buffer erosion) disturbance scenario calculation cases 
are shown in Figure 13-9. Near-field release rates can significantly exceed the (current) 
natural Ra-226 flux range through the repository area at around repository depth, 
especially at times of elevated groundwater flow that could occur during glacial retreat. 
Note, however, that the natural Ra-226 flux may also increase at such times. In the case 
of the geosphere, release rates are generally below the lower bound of the natural Ra-
226 flux range, although higher values (up to around 1 GBq per year) can occur for 
short periods during the first 300,000 years, again at times of elevated groundwater 
flow.  

For comparison, the mining of phosphate ores for use in the manufacture of fertilisers 
can give rise to accumulations of radioactive material in the surface environment, as 
discussed in Complementary Considerations. The Siilinjärvi mine in Finland is the 
biggest source of phosphate ore production in Europe, excavating around 22 Mt of rock 
annually32. The ore from this rock is enriched and used to produce around 0.8 Mt of 
phosphate (equivalent to about 1.7·108 kg P). Mustonen (1985) reports that nine 
fertiliser samples made from Siilinjärvi apatite had phosphorous concentrations that 
varied from 3 % to 9 % and Ra-226 activity concentrations of between 0.7 Bq/kg and 
2.3 Bq/kg. This implies that the Ra-226 activity concentrations in the fertilisers of about 
8 Bq/(kg P) to 80 Bq/(kg P) and hence that the mining of phosphate ores at Siilinjärvi 
gives an annual flux of Ra-226 from the geosphere in the order of 1 GBq/a to 10 GBq/a. 

                                                 

32 From http://www.yara.com/about/where_we_operate/finland_production_siilinjarvi.aspx (retrieved 
13.08.12). 
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Figure 13-7. Near-field (upper figure) and geosphere (lower figure) release rates for 
the variant scenario calculation cases, compared with the natural Ra-226 flux range 
through the repository area at around repository depth. 
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Figure 13-8. Near-field and geosphere release rates for the AIC (accelerated insert 
corrosion rate) disturbance scenario calculation cases, compared with the natural Ra-
226 flux range through the repository area at around repository depth. Note: no time 
averaging is applied to the results. 

 

Not all of this Ra-226 is distributed in the surface environment with fertiliser. In the 
production process, around 80 % of the Ra-226 is retained in phosphogypsum as a solid 
waste product (IAEA 2003). The phosphogypsum is commonly placed at the processing 
site in large surface heaps without any apparent intention for further use or management 
action. Phosphate mining is an example of one of many similar industrial activities that 
give rise to amounts of radioactive material accumulated annually in the surface 
environment that are similar to, or larger than, those expected from a spent nuclear fuel 
repository (see Chapter 11, Complementary Considerations). 
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Figure 13-9. Near-field (upper figure) and geosphere (lower figure) release rates for 
the RS and RS-DIL disturbance scenario calculation cases, compared with the natural 
Ra-226 flux range through the repository area at around repository depth. Note: no 
time averaging is applied to the results. 
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13.4.2 C-14 uptake by biomass 

The C-14 released from the repository can be compared with the natural atmospheric 
C-14 that is taken up by plants and animals in an area similar to the repository footprint. 
The highest calculated releases of C-14 from the repository to the environment occur 
when considering the possibility of gas-mediated release from the repository (Section 
12.3). In the case of gas-mediated transport of C-14 from a defective canister through 
the repository near field and geosphere to the surface environment, the peak annual 
release rate, averaged over 1000 years, is around a factor of four below the regulatory 
geo-bio flux constraint (Section 12.3.2). To put this peak annual release rate in 
perspective, it is almost an order of magnitude less than the annual uptake of natural 
atmospheric C-14 by a forest ecosystem over the repository footprint, as demonstrated 
below. 

The primary natural source of C-14 is cosmic ray action upon nitrogen in the 
atmosphere. In addition, particularly since the 19th century, the use of fossil fuels has 
resulted in large amounts of CO2 being emitted into the atmosphere. Because the 
radiocarbon content of fossil fuel is negligible, the radiocarbon activity of the 
atmosphere has been lowered by their combustion. On the other hand, since about 1955, 
thermonuclear tests have added to the C-14 atmospheric reservoir. Excluding these 
anthropogenic effects, the atmospheric concentration of C-14 with respect to all carbon 
has remained relatively stable at about 1.2 parts per trillion over the past several 
thousand years.  

Plants and animals which utilise carbon in biological food chains take up C-14 during 
their lifetimes. In Nordic forest ecosystems, net primary productivity has been found to 
be in the order of 10 tonnes C per ha per year, or about 1 kg C per m2 per year (Mund et 
al. 2002). This corresponds to about 10-12 kg C-14 per m2 per year. One kilogram of C-
14 has an activity of 1.7·105 GBq. Thus, a forest ecosystem takes up 0.17 GBq(km2·a) 
or 0.7 GBq per year over the repository footprint of around 4 km2. This is around a 
factor of two higher than the nuclide-specific regulatory constraint of 0.3 GBq per year 
for the release of C-14 from the repository to the environment (see Table 2-1), and, as 
noted above, almost an order of magnitude higher than the peak annual release rate of 
repository C-14, averaged over 1000 years, in the case of gas-mediated transport of C-
14 from a defective canister through the repository near field and geosphere to the 
surface environment. 

13.5 Fractional mass transfer rates and delay times in the repository 
system 

Poteri et al. (2013) have analysed the performance of the individual transport barriers − 
canister, buffer, backfill (tunnel) and host rock − and the whole system of barriers in a 
simplified version of the repository system model. The outcome of the analysis, which 
is summarised in the following paragraphs, is a description of the key factors 
determining the performance of the repository barriers.  

In many cases, the transfer of radionuclides between successive transport barriers is 
strongly restricted by the interfaces between the transport barriers. This leads to a steady 
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state or well mixed conditions in the individual transport barriers. This in turn means 
that the barriers can be characterised by two element-specific parameters: 

 the fractional mass transfer rate from one barrier to another, which takes the form of 
a decay constant ; and 

 a time, td characterising the delay between an element entering and leaving a 
barrier. 

The fractional mass transfer rate can be understood as the reciprocal of a characteristic 
time to elongate, and consequently to lower, an input pulse during transport through a 
barrier. 

In the simplified model system, the repository barriers are represented as interlinked 
compartments. These compartments and the transfers between them are shown in Figure 
13-10 (note that the deposition tunnel EDZ is not distinguished explicitly in this 
simplified representation but can be included in the fractional mass transfer rate). 

The fractional mass transfer rates and delay times for which approximate formulae have 
been derived in Poteri et al. (2013) are shown in Table 13-3. The formulae themselves 
are given in Table 13-4. 

 

 

Figure 13-10. A multi-compartment model of the repository barrier system. 
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Table 13-3. Fractional mass transfer rates,  and delay times, t, characterising 
transfers from one barrier to another. 

Canister c, tdc   

Buffer  bt, tdbt bf, tdbf 

Tunnel   tf, tdt 

Fracture    f, tdf 

 

From  

to  

Buffer Tunnel 
Fracture and 
tunnel EDZ 

Biosphere 

 

An explanation of the notation is given in Table 13-5. The formulae are slightly 
modified from Poteri et al. (2013) to take account of the Reference Case model 
assumptions. In particular: 

 The combined transfer from the buffer to both the fracture intersecting the 
deposition hole and the tunnel EDZ are considered, whereas Poteri et al. (2013) 
consider transfer only to a fracture intersecting the deposition hole. This 
modification is consistent with the treatment of the deposition-hole damaged zone 
as a well-mixed volume, although, in the Reference Case, the equivalent flow rate 
in the fracture (QF) is much larger than the equivalent flow rate in the tunnel EDZ 
(QDZ). 

 In the formula for the delay time from tunnel to fracture, advective transport as well 
as diffusive transport in the tunnel is considered. Poteri et al. (2013) consider only 
diffusive transport. 

Fractional mass transfer rates and delay times calculated for the following elements are 
shown in Figure 13-11.  

C: which, in the Reference Case, is assumed to be in organic form and transported as 
a non-sorbing neutral species; 

I: which is non-sorbing and anionic; and 

Cs: which is sorbing and cationic. 

The input parameters to the formulae, which are based on the Reference Case 
specifications given in Chapter 6, are shown in Table 13-5. 
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Table 13-4. Approximate formulae for the fractional mass transfer rates and delay 
times shown in Table 13-3. 

Transfer Fractional mass transfer rates Delay times 
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Retardation factors are calculated from the distribution coefficients (Kd-values) using 
Eq. 3.3-3 in the case of the buffer and backfill and Eq. 3.4-6 in the case of the host rock. 
The values used for the porosity, diffusion coefficient and distribution coefficients of 
the geosphere rock matrix are those for unaltered wall rock (the formulae consider only 
a single, homogeneous rock matrix layer). However, results for the hypothetical case 
where the entire rock matrix is assigned values representative of a clay layer are also 
shown in Figure 13-11. Note that the sorption mechanism for Cs in the clay layer is 
cation exchange, but kaolinite, on which the Kd values for the layer are based, has 
limited cation exchange capacity. Thus, the Cs retardation factor based on clay layer 
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properties is less than that for unaltered rock. For other sorbing elements, however, the 
retardation factor based on clay layer properties is higher than that for unaltered rock. 

 

Table 13-5. Reference Case input parameters applied in evaluating the fractional mass 
transfer rates and delay times shown in Figure 13-11. 

Parameter 
Reference-case value 

C I Cs 

rh hole radius [m] 0.0005 

Dw 
molecular diffusion coefficient in free 
water [m2/s] 

10-9 

Deb 
effective diffusion coefficient in buffer 
[m2/s] 

1.3·10-10 7.8·10-12 1.0·10-9 

Dpb 
pore diffusion coefficient in buffer 
[m2/s] 

3.0·10-10 9.8·10-11 2.3·10-9 

b 
accessible porosity of buffer [-] 
(accounting for anion exclusion) 

0.43 0.08 0.43 

lc thickness of canister wall [m] 0.05 

Vc void volume in canister [m3] 0.7 

rbh radius of deposition hole [m] 0.85 

lb thickness of the buffer [m] 0.35 

sc distance from canister to tunnel floor [m] 2.5 

stf transport distance along the tunnel [m] 5.84 

QF 
equivalent flowrate in fracture 
intersecting deposition hole [m3/a] 

6.14·10-3 

QDZ equivalent flowrate in tunnel EDZ [m3/a] 2.69·10-4 

Vb volume of buffer [m3] 14.60 

Rpb retardation coefficient in buffer [-] 1 1 2.8·103 

QTDF 
equivalent flowrate in fracture 
intersecting deposition tunnel [m3/a] 

2.39·10-3 

Rpt retardation coefficient in backfill [-] 1 1 1.1·104 

Dpt 
pore diffusion coefficient in backfill 
[m2/s] 

2.4·10-10 1.1·10-10 2.5·10-9 

t 
accessible porosity of tunnel backfill [-] 
(accounting for anion exclusion) 

0.38 0.07 0.38 

qTDZ Water flux in backfilled tunnel [m/a] 2.65·10-5 

Vt volume of modelled tunnel section [m3] 81.76 

m porosity of rock matrix [-] 
0.005 (unaltered wall rock); 
0.06 (clay layer of clay-filled fracture) 

Rpm 

Retardation coefficient in unaltered rock 
[-] 

1 1 2.9·104 

Retardation coefficient based on clay-
layer properties [-] 

1 1 8.6·101 
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Parameter 
Reference-case value 

C I Cs 

Dem 
effective diffusion coefficient in rock 
matrix [m2/s] 

6·10-14 (unaltered wall rock); 
10-12 (clay layer of clay-filled fracture) 

WL/Q 
geosphere transport resistance [a/m] 
(value for F-path, summed over all 
transport classes)  

7.91·104 
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Figure 13-11. Fractional mass transfer rates (upper figure) and delay times (lower 
figure) for Cs, I and C.   
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The results show that, for non-sorbing elements (iodine and carbon), the lowest 
fractional mass transfer rates, i.e. the highest resistance to transfer of radionuclides, are 
from the canister to the buffer. In the case of caesium, the mass transfer rate from the 
canister to the buffer is lower than that from either the buffer to the tunnel or from the 
buffer to the fracture and tunnel EDZ. These findings are consistent with the 
observation from the PSA of the importance of the small hole in limiting releases of 
these species in the “hole-forever” case.  

For non-sorbing elements, the fractional mass transfer rates from the buffer to the 
fracture and tunnel EDZ (i.e. for the F- and DZ-paths) are higher than those from the 
buffer to the tunnel or from the tunnel to the fracture (i.e. for the TDZ-path). For 
caesium, although the fractional mass transfer rate from the buffer to the fracture and 
tunnel EDZ is less than from the buffer to the tunnel, the fractional mass transfer rate 
from the tunnel to the fracture is the lowest of all. The delay times from the tunnel to the 
fracture are also particularly long in the case of caesium, exceeding the 2.3 million year 
half life of Cs-135 in the case of advective transport in the tunnel. These findings are 
consistent with the observation from the PSA of the importance of the F- and -DZ paths 
in controlling releases to the surface environment, compared with the relatively slow 
TDZ-path. 

The total delay time to the surface environment for non-sorbing elements along the F-
path is in the order of a few hundred years to around a thousand years, depending on the 
properties assigned to the fracture matrix. With half-lives of 5700 years and 1.6·107 
years, respectively, release of C-14 and I-129 to the surface environment is thus 
expected to occur without significant attenuation by radioactive decay, as observed in 
both the deterministic and probabilistic analyses of the Reference Case. 

To summarise, it has been found that the performance of each of the repository barriers 
can be characterised by two of element-specific parameters: a fractional mass transfer 
rate, which is the reciprocal of a characteristic time to elongate, and consequently to 
lower, an input pulse during transport through a barrier, and a delay time between 
release to, and release from, a barrier. In the Reference Case, the relatively low 
fractional mass transfer rates from the canister to the buffer confirm the importance of 
the small hole with a high transfer resistance in limiting releases of the key 
radionuclides. Furthermore, the relatively low fractional mass transfer rates and long 
delay times along the TDZ-path compared with the F- and DZ-paths explain the 
dominance of the F- and DZ-paths with respect to releases to the surface environment. 
The delay times along the F-path for non-sorbing elements are sufficiently short that 
release of e.g. C-14 and I-129 to the surface environment is expected to occur without 
significant attenuation by radioactive decay.  
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14 CONFIDENCE IN THE ANALYSIS OF CALCULATION CASES 

This chapter describes measures taken to build confidence in the results of the analyses 
of calculation cases. Section 14.1 gives an overview of confidence-building measures 
for TURVA-2012. Other sections focus on measures that are most relevant to the 
assessment of radionuclide release scenarios for the repository system. Section 14.2 
addresses verification of the assessment codes, as well as their validation for their 
intended applications in TURVA-2012. Section 14.3 describes the application of a 
procedure to ensure codes are correctly applied and reporting of non-conformities. It 
covers, in particular, implementation of the calculations, including input file generation, 
version management and assignment of numerical parameters. Finally, Section 14.4 
describes the documentation of input for the production runs and documentation of the 
code versions used. It also covers the broader traceability of the analyses, including 
archiving of all the main results. 

14.1  Confidence-building measures for TURVA-2012 

A range of quality control and assurance measures has been adopted to ensure 
transparency and traceability of the calculations performed and hence to promote 
confidence in the analysis of the calculation cases. According to Posiva’s Safety Case 
Plan (Posiva 2008, Section 5.4.4), the quality control and assurance measures comprise: 

1. validation of input data for the scenarios and models considered; the limits of 
applicability of the input data are checked against the assumptions related to the 
scenarios and models,  

2. validation of the models used to analyse the scenarios, 

3. verification of assessment codes, 

4. validation of the assessment codes for the intended application, 

5. documentation of input for the production runs, 

6. application of a procedure to ensure codes are correctly applied, 

7. documentation of the code versions used, and 

8. reporting of non-conformities. 

Measures 3 to 8 are related to the selection, testing and application of computer codes 
and to the documentation of results. These aspects are covered by the following sections 
of this chapter. Measures 1 and 2 are related to the testing of models and to the selection 
and checking of data that are implemented in the codes. These aspects are largely 
outside the scope for the present report, and are described elsewhere in the safety case 
portfolio. In particular, specific actions undertaken to promote confidence in the models 
and data used in TURVA-2012 are described in Models and Data for the Repository 
System. At a more general level, Complementary Considerations summarises the 
understanding of processes relevant to repository performance and safety that can be 
gained from observations at the site, including its regional geological environment, and 
from natural and anthropogenic analogues for the repository and its components. 
Chapter 8 of that report describes observations of natural systems that support the low 
corrosion and dissolution rates applied when modelling canister corrosion and spent 
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nuclear fuel dissolution. Furthermore, Chapter 9 of that report describes further 
observations that support the fundamental understanding of retention and transport in 
the buffer, the backfill and the host rock on which the transport model applied in the 
present safety case is based. It is concluded from the relevant studies available in the 
literature and from underground research laboratory studies that the conceptual models 
of radionuclide release, retention and transport include all the most significant 
mechanisms and processes. For example, regarding matrix diffusion, numerous natural 
analogue and URL studies now exist that confirm matrix diffusion will occur up to tens 
(to hundreds) of metres from a water-conducting feature. 

14.2 Verification and validation of computer codes 

The following paragraphs address quality control and assurance measures 3 and 4 
identified in Section 14.1, i.e. the verification of the assessment codes and their 
validation for their intended applications in TURVA-2012. Firstly, the quality assurance 
measures aimed at code verification, which were applied during the development of the 
main computer codes used for assessing radionuclide release and transport, are 
described. Then, code intercomparison exercises are described, whereby these computer 
codes are applied to model systems similar to those considered in the safety case, and 
the results compared to those obtained using alternative, well-tested computer codes 
used in earlier Posiva safety studies. 

14.2.1  Importance of verification and validation 

Verification of a computer code involves the assessment of the correctness of computer 
software and the numerical accuracy of the solutions that it provides. The importance of 
code verification in safety assessment projects is recognised internationally. For 
example, the NEA report on confidence in the long-term safety of deep geological 
repositories (NEA 1999) states: 

“Mathematical models and computing codes must be shown to be numerically accurate 
and without error, within the bounds that they will be required to operate 
(benchmarking provides a means of verification)”. 

The NEA safety case brochure (NEA 2004) states: 

“Computer codes are developed in the framework of a QA procedure, and verified, for 
example by comparison with analytical solutions and alternative codes and confidence 
is increased by means of the simulation of experiments and of natural settings”. 

The role of benchmarking in code verification is also recognised (in the context of 
safety analysis for nuclide power plants) by the International Atomic Energy Agency 
(IAEA). IAEA safety standards (IAEA 2010) state the role of benchmarking as follows: 

“6.40. Benchmarking consists of code to code comparisons that can be used for 
validation purposes provided that at least one of the codes has been validated. 
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6.41. Where possible, users should simulate validation tests without having any prior 
knowledge of the experimental results to preclude any deliberate tuning of code 
calculations to yield better agreement with experimental results”. 

When applied to models, validation is understood as the process of testing the 
representation of specific phenomena by a model based on comparisons between 
computational modelling results and experimental results and observations. When 
applied to computer codes, validation can be taken to mean the process of confirming 
that capabilities of the codes are adequate for their intended applications. In the context 
of the safety case, it is essential that the computer codes selected for the assessment of 
radionuclide release scenarios for the repository system adequately represent all key 
features, events and processes related to radionuclide release, retention and transport.  

14.2.2  Verification and validation measures in TURVA-2012 

Verification measures, including benchmarking exercises that address specific functions 
of GoldSim and MARFA, have been carried out during the development of these codes. 
Verification during code development is described in Section 14.2.3. In addition, 
benchmarking exercises have been carried out in which results generated by these codes 
were compared with those generated by REPCOM and FTRANS, which are the codes 
that were used in previous Posiva safety analyses and have been shown to handle the 
main features, events and processes of concern (e.g. Smith et al. 2007, Nykyri et al. 
2008). Intercomparison exercises with REPCOM and FTRANS are summarised in 
Section 14.2.4. The exercises use test cases that are representative of the types of 
calculations for which GoldSim and MARFA are used in the TURVA-2012, and so 
contribute to validation as well as verification. Finally, an external review of MARFA 
has been carried out, as described in Section 14.2.5. Some deficiencies identified in the 
review were been addressed before the calculations for TURVA-2012 were undertaken.  

Based on all these measures, it is concluded that GoldSim and MARFA have been 
verified and validated to the extent required for use in TURVA-2012. 

14.2.3 Verification during code development 

GoldSim 

GoldSim is dynamic, probabilistic simulation software developed by GoldSim 
Technology Group LLC, USA. The detailed verification procedure of GoldSim is 
documented in a GoldSim Verification Plan (GoldSim Technology Group 2006). The 
document is intended to provide all necessary information for verification of the 
computer program GoldSim. It includes a chapter dedicated to test cases for the 
contaminant transport module (GoldSim RT). 

MARFA 

MARFA was developed for Posiva and SKB by the Centre for Nuclear Waste 
Regulatory Analyses (CNWRA), USA. All versions of MARFA were developed under 
the CNWRA software quality assurance procedures described in CNWRA Technical 
Operating Procedure (TOP)–018. Benchmark tests of MARFA vsn. 3.2 and additional 
tests of MARFA vsn. 3.3 are reproduced in Appendix B.  
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14.2.4 Code intercomparison exercises 

Code intercomparison exercises, whereby GoldSim and MARFA were applied to model 
systems similar to those considered in the safety case and the results compared with 
those obtained using REPCOM and FTRANS, are described in detail in Poteri et al. 
(2012). In these exercises, GoldSim near-field calculation results were compared with 
results obtained using REPCOM, and GoldSim and MARFA geosphere calculation 
results were compared with those obtained using FTRANS. Satisfactory agreement 
between GoldSim and MARFA on the one hand, and REPCOM and FTRANS on the 
other, have been found for all the test cases considered.  

REPCOM and FTRANS have themselves been extensively tested, including 
intercomparison exercises using other codes and analytical models. Verification of 
REPCOM against analytical models is described in Nordman (1986), Vieno et al. 
(1992) and Nordman & Vieno (1994). REPCOM has also been verified against the 
commercial PORFLOW code, a computational fluid dynamics tool used by nuclear 
waste management and research organisations in several countries (Nordman & Vieno 
2003). An intercomparison of results obtained using REPCOM and the near-field 
calculation code SPENT33, developed by the Swiss national programme, is reported in 
Appendix C of the KBS-3H radionuclide transport report (Smith et al. 2007), where it 
was concluded that differences in the results could be explained adequately in terms of 
differences in how the test cases were modelled by the two codes. FTRANS has been 
verified against test cases as part of the INTRACOIN and INTRAVAL projects 
(INTRACOIN 1984; Rasilainen 1989). Additional verification tests against an 
analytical model have been presented in TVO-92 (Vieno et al. 1992).  

14.2.5 External review 

The Swedish Radiation Safety Authority (SSM) has undertaken a detailed review of an 
earlier version of MARFA and its documentation (Robinson & Watson 2011). The 
review criticised the documentation of MARFA, and noted that the benchmark tests 
were limited in scope and too similar to each other (one motivation for carrying out the 
additional intercomparison exercises described in Section 14.2.4). Errors in previous 
versions of the MARFA documentation were related to descriptions of the test cases and 
did not affect the input description or the mathematical basis for the algorithms. The 
errors have been corrected in the latest versions of the User’s Manual. 

In the SSM review, semi-analytic methods were also used to test the accuracy of 
calculations carried out using an earlier version of MARFA. It was acknowledged that 
MARFA can handle large networks in practicable run times, generally works well for 
single radionuclides or short chains and accurately handles advective systems where 
matrix diffusion effects are dominant. Some apparent limitations were also noted. In 
particular, SSM found that results immediately after flow-rate changes could be 
inaccurate. However, short duration flow-rate changes can be handled by applying an 
appropriate smoothing parameter in MARFAs post-processing phase. SSM also found 
that MARFA was unable to handle long decay chains with short-lived radionuclides. In 

                                                 

33Verification of SPENT is described in Nagra (2002). 
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fact, MARFA version 3.2.2 and earlier versions had difficulty with radionuclide chains 
containing a nuclide with a very long half-life. Such chains were potentially problematic 
for the algorithm because very few particles decay in the amount of time required for 
the radionuclide to transport through the system, leading to statistically invalid estimates 
of the decay products. A new particle-splitting algorithm was added in MARFA version 
3.2.3 that is used in TURVA-2012. The particle splitting algorithm creates multiple 
particles (with appropriate reduction in particle mass) for each decay event and makes it 
possible to model decay chains containing radionuclides with very long half-lives. 
Successful tests of the new particle splitting algorithm using the U-238 decay chain are 
included in the User’s Manuals for version 3.2.3 and 3.3.1. 

14.3 Implementation of calculations 

This section addresses quality control and assurance measures 6 and 8 identified in 
Section 14.1, i.e. application of a procedure to ensure codes are correctly applied and 
reporting of non-conformities. It covers, in particular, implementation of the 
calculations, including input file generation, version management and assignment of 
numerical parameters. 

14.3.1 General procedure 

The general procedure for implementing deterministic calculation cases using GoldSim 
is illustrated in Figure 14-1. A similar procedure for MARFA is shown in Figure 14-2. 

In both cases, the starting point is the input data for radionuclide release and transport 
(RNT) calculations, approved using Posiva´s data clearance procedure. The following 
steps are then performed. 

 A detailed specification of the models and the physical, chemical and geometrical 
parameter values to be used in analysing the calculation case is developed by 
Posiva’s safety case group (SAFCA), generally in the form of an Excel workbook. 
For most GoldSim and MARFA calculations, the specification includes the name of 
the ConnectFlow results files from which flow-related transport parameters are to 
be read. 

 The case specification is checked by SAFCA and by the VTT Technical Research 
Centre of Finland. VTT is the contractor responsible for carrying out the 
calculations. The specification is revised if any errors (non-conformities) are 
detected.  

 The case specification is uploaded to the assessment database, described in Section 
14.3.4. 

 Input files for analysing the calculation case with GoldSim/MARFA are set up 
according to the case specification, with the aid of an input file generator that 
incorporated a version management system (VMS), as described in Section 14.3.2. 
Numerical parameters required by the codes are also included in the input files 
(Section 14.3.3).  

 The GoldSim/MARFA calculation is run and the associated input/output (I/O) files 
uploaded to the assessment database.  
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Figure 14-1. General procedure for implementing calculation cases using GoldSim. 
Blue steps: responsibility of safety case group (SAFCA); red steps: VTT responsibility. 
US6: data accepted for use. 
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Figure 14-2. General procedure for implementing calculation cases using MARFA. 
Blue steps: SAFCA responsibility; red steps: VTT responsibility.US6: data accepted for 
use. 
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 The I/O files that are uploaded to the assessment database are checked by SAFCA 
and by VTT. Checking of the input files consists mainly of comparing data in the 
files with those in the case specification file. Checking of the output files consists 
mainly of plausibility checks, i.e. do the results make sense, based on what is 
known about the behaviour of the modelled system? Checking of the output files is 
aided by a visualisation tool, described in Section 14.4. 

 The input files are revised and the calculation rerun if any errors (non-conformities) 
are detected. Otherwise, the usability level of the I/O files is set to US6 (see Section 
14.3.4). This means that GoldSim near-field release and transport output files are 
cleared for use as input for MARFA calculations, or that MARFA geosphere 
transport output files are cleared for use in biosphere assessment. 

Prior to their use in GoldSim/MARFA calculations, ConnectFlow I/O files are also 
checked and, if no non-conformities are found, their usability level on the assessment 
database is set to US6. 

The Monte Carlo simulations and PSA were carried out using a separate contractor, who 
was responsible for his own quality assurance procedures. The “hole-forever” model 
used in the Monte Carlo simulations and PSA was similar or identical in most respects 
to that used in the analysis of Reference Case. The results of both models, applying 
Reference Case input parameters, were compared and found to be almost identical, 
serving as a check that the model had been correctly implemented by both contractors. 

14.3.2 Input file generation and version management 

The input data for each calculation case consists of a set of physical, chemical and 
geometrical parameter values, as well as data calculated from other models, such as 
ConnectFlow, and numerical (discretisation) parameters (Section 14.3.3). As long as no 
changes are made to the models, the associated computer codes or the input data, the 
output of any one calculation case is perfectly reproducible. 

In practice, however, input parameter values are frequently modified, e.g. case 
specifications are changed or calculated data from other models are updated. A version 
management system (VMS) has been developed to keep track of such changes and thus 
maintain the reproducibility of calculation results. 

The VMS system has been used to produce and organise the input files for the GoldSim 
base scenario near-field calculations and for all the MARFA calculations. With this 
system, any change in an I/O file results in a new version number being assigned to the 
file. The VMS uses a system of Excel workbooks, consisting of: 

 a table of all calculation cases with their defined and selected individual parameter 
sets; 

 a database to manage raw data, reference files (see below) and cleared data in data 
tables; 

 a pre-processor to automatically generate code-specific input files using the table of 
calculation cases and the database; and 
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 a “compare” tool to visualise differences between input data for different 
calculation cases. 

Since many input parameter values are common to most or all calculation cases, 
reference files containing these parameters are used as a basis for input file generation. 
All reference files and inputs are checked manually. The files for additional cases are 
checked by comparing the new files and inputs with the reference files electronically. 

The GoldSim near-field calculations for the variant and disturbance scenarios often 
include conceptual features different from those of the base scenario, e.g. time-
dependent groundwater flow and composition. The GoldSim model itself is also often 
different from that of the base scenario, including, for example, different spatial 
discretisation. Excel files for the corresponding data have therefore had to be created 
manually, outside the scope of the VMS. 

14.3.3 Assignment of numerical parameters 

In numerical modelling, the density of spatial discretisation and the size of the time 
steps must be carefully selected to ensure that the model results are sufficiently 
accurate.  

The numerical resolution in the site-scale groundwater flow analysis is usually a 
compromise between memory/time constraints of the computer and the scale of the 
details that are represented in the model. Numerical accuracy is confirmed by 
examining convergence of the solution, calculating mass balance over the solution, 
checking the range of the head/pressure/concentration solution taking into account the 
boundary conditions and also by calculating other e.g. head-dependent measures of the 
goodness of the solution. ConnectFlow is able to increase spatial resolution of the 
model around the most important regions of the model, such as the repository. 

The effect of the choice of numerical parameters when modelling near-field release and 
transport using GoldSim has been investigated in Pulkkanen at al. (2010). The results 
show that discretisation has a minor effect on results within the numerical parameter 
ranges considered. GoldSim uses a Laplace transform method for geosphere transport 
modelling, so spatial discretisation is not an issue, although the possibility of numerical 
errors associated with the inversion of the transform must be tested and time steps must 
be set to appropriately small values by the user.  

MARFA is based on particle tracking in the time-domain. The output of the model is 
particle residence times in the model, i.e. it does not directly produce breakthrough 
curves of the radionuclides. Calculation of the breakthrough curves from the particle 
residence times is a potential source of error, but this can be easily checked by varying 
the post-processing parameters of the MARFA code. Statistical accuracy of the results 
can be analysed by changing the number of particles used in the simulation. 

14.3.4  Acceptance process and exchange of input files, intermediate results 
and final results 

An assessment database has been set up for the storage, checking and exchange of input 
data, intermediate results and final results. The assessment database was originally 
called the biosphere assessment database (Hjerpe 2006) and was developed for storing 
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parameter values used in biosphere assessment modelling. For TURVA-2012, the 
database has been extended so that it also manages the exchange of files and has been 
used throughout for the analysis of the repository system, as well as in the biosphere 
assessment. 

These data are assigned ‘usability levels’ that indicate, for example, whether or not they 
have been formally accepted for use in the safety analyses. The usability levels are as 
follows. 

US0. Deleted data. 

US1. Data rejected in quality check. 

US2. New/draft/altered data. 

US3. Data awaiting quality check. 

US4. Data submitted for quality checking (locked to prevent editing). 

US5. Data checked and accepted by expert reviewer. 

US6. Data accepted for use in the safety analyses. 

 
Only input files and intermediate results with usability level US6 may be used in the 
final safety case calculations. 

Users with access to the database are assigned user levels, in accordance with their role 
in the production, review/acceptance, application or administration of data and of the 
database: 

1. Guest Read-only access to quality assured data. 

2. Data consumer Read-only access to all data (US0-US6). 

3. Operator As level 2 but also allowed to add entries, 
comments, references and documents. 

4. Data administrator As level 3 but also allowed to add/edit the ´key 
elements´ and tags that are used to label data 
entries. 

5. Database administrator As level 4 but also full permission to change 
´usability status´, i.e. US5  US6 and allowed to 
manage user accounts. 

6. Expert (reviewer) Can view and accept/reject assigned data. 

 
New or draft data are entered by a data producer with access level 3 or above, and are 
automatically assigned usability level US2. When the data are considered by the data 
producer ready for quality checking, the data producer changes the usability level to 
US3. The data producer then uses the database to assign an appropriate expert reviewer, 
and the usability level is changed automatically to US3.  
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The expert reviewer (access level 6) has the options: 

 to accept the data without comment; 

 to accept the data with comments: or 

 to reject the data, in which case the reason for rejection has also to be provided. 

Data accepted by the expert reviewer have their usability level automatically changed to 
US5. Data rejected by the expert reviewer have their usability level automatically 
changed to US2 (returned to draft form) or US1 (rejected). Finally, the database 
administrator must decide whether to accept the data at usability level US5 for use in 
safety analysis calculations. If the decision is positive, the usability level is changed to 
US6. If the decision is negative, the usability level is changed to US3 (submitted for 
further quality checking), US2 (returned to draft form) or US1 (rejected). 

14.4 Documentation of calculations 

This final section addresses quality control and assurance measures 5 and 7 identified in 
Section 14.1, i.e. documentation of input for the production runs and documentation of 
the code versions used. It also covers the broader traceability of the analyses, including 
archiving of all the main results. 

Documentation of the analysis of calculation cases in a comprehensive and traceable 
manner34, while retaining transparency in the project reports is an issue of major 
importance. There are too many results for it to be reasonable or useful to include all of 
them in the present report. It is, however, desirable that results and their associated input 
files are readily available to safety assessors and reviewers for inspection and archived 
for future reference. 

An electronic system docgen35 has been developed to keep track of, and to archive, the 
results of safety assessment calculations in a model chain as they are produced. Results 
of model calculations and their associated input files are downloaded automatically 
from the assessment database as soon as they are available. In this way, it has been 
possible to follow the progress of the calculations and carry out quality assurance and 
plausibility checks in a timely manner. 

The docgen system consists of a webpage with links to the following: 

 all input files used in the model chain to run each calculation case; 

 visualisations of selected results of time series (for e.g. radionuclide release rates vs. 
time) in the browser as figures or tables. In order to focus on aspects of interest, the 
following features of the figures may be customised interactively: 

                                                 

34 See requirement for traceability in YVL Guide D.5, Para. A10, referred to in Section 2.1.2.   

35 The docgen system was originally developed for Nagra, the Swiss National Cooperative for the 
Disposal of Radioactive Waste. The version used in TURVA-2012 has been extended and adapted for 
Posiva.  
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 scaling of axes; 

 selection of items (e.g. specific radionuclides) shown; and 

 units of axes, e.g. release rates in Bq/a or mol/a; 

Because this information is generated according to the same standard for all calculation 
cases, quality assurance is facilitated. The information can be stored offline, e.g. on a 
DVD. 
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15 OVERALL FINDINGS AND CONCLUSIONS 

The objective of this report has been the assessment of the scenarios leading to 
radionuclide releases that are identified in Formulation of Radionuclide Release 
Scenarios (with the exception of human intrusion scenarios, which are treated in Section 
5.4 of Biosphere Assessment). The emphasis has been on the analysis of radionuclide 
retention and transport in the repository system and on the evaluation of potential 
releases of radionuclides from the repository system to the surface environment. A 
range of calculation cases, also identified in Formulation of Radionuclide Release 
Scenarios, has been analysed, complemented by a probabilistic sensitivity analysis. 
Quality control and assurance measures have been adopted to ensure transparency and 
traceability of the calculations performed and hence to promote confidence in the 
analysis of those calculation cases. The overall findings and conclusions of the 
assessment are summarised in the following sections. Section 15.1 provides a summary 
of the calculated activity fluxes from the repository system. Section 15.2 summarises 
the evaluation of complementary indicators. Section 15.3 discusses what the findings of 
the assessment indicate about the role of the geosphere as a transport barrier. Section 
15.4 identifies the calculation cases that are propagated to dose assessment in Biosphere 
Assessment. Section 15.5 describes the guidance that the assessment has provided to 
Posiva’s RTD programme. Finally, the main conclusions drawn from the assessment are 
set out in Section 15.6.  

15.1 Activity fluxes from the repository system 

15.1.1 Radionuclide release scenarios 

The safety indicator that has been evaluated for the base scenario, variant scenarios and 
disturbance scenarios to assess compliance with the regulatory geo-bio flux constraint is 
the normalised activity release rate from the geosphere to the surface environment. 
Figure 15-1 shows as points the peak normalised activity release rates from the 
geosphere to the surface environment due to the failure of a single canister in all the 
main calculation cases within the base, variant and disturbance scenarios (i.e. the 
Reference Case, sensitivity cases and what-if cases shown in Table 2-2). For the rock 
shear scenarios, the figure also shows, on the right-hand side, ranges of values for the 
peak probability-weighted normalised release rates, where these ranges allow for 
uncertainties in the numbers of canisters failing due to rock shear, as well as the timing 
of failure. Peak normalised releases are in all cases below the regulatory geo-bio flux 
constraint, generally by more than an order of magnitude. 

To obtain the normalised release rates, the release rates for each calculated radionuclide 
have been normalised by dividing by the corresponding nuclide-specific constraints for 
the radioactive releases to the environment (Table 2-1). The peaks of the normalised 
release rates, summed over all radionuclides, have then been calculated. For rock shear 
scenarios RS and RS-DIL (calculation cases RS1, RS2, RS1-DIL and RS2-DIL), 1000-
year centred moving averaging has been applied to the geosphere release rates to 
smooth the sharp pulses that occur at the times of peak release. Such averaging 
conforms to Finnish regulations.  
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Figure 15-1. Peak geosphere release rates for all calculation cases within the base, 
variant and disturbance scenarios, with the release rates for each radionuclide 
normalised with respect to the regulatory nuclide-specific constraints for radioactive 
releases to the environment. Colours are used to group cases by scenario. * indicates 
that 1000 year averaging is applied, due to peak releases in these cases occurring as 
sharp pulses. The ranges of values for the peak probability-weighted normalised release 
rates for the RS and RS-DIL scenarios are also shown. Cases VS2-H2, VS2-H3 and 
VS2-H4 are not shown because the peak normalised release rate occurs beyond the 
million year assessment time frame.   

 

Colours are used in Figure 15-1 to group cases by scenario. The following paragraphs 
describe the main findings for each individual scenario, where the likelihood and 
consequences of multiple failed canisters are also considered in more detail.   

1. The base scenario (BS) 

The lowest peak normalised releases are for the Reference Case (BS-RC) and various 
sensitivity cases carried out for the base scenario. In this scenario, one or more canisters 
are assumed to have undetected initial penetrating defects that allow water ingress and 
radionuclide release after some delay. Canisters without initial penetrating defects are 
assumed to provide complete containment of radionuclides throughout the million year 
assessment time frame. The defects themselves are assigned a diameter of 1 mm and are 
assumed to be water-filled. The properties of the defects are assumed not to change with 
time. The sensitivity cases analysed consider: 
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 alternative locations for a canister with an initial penetrating defect within the 
repository (BS-LOC1 and BS-LOC2); 

 alternative radionuclide speciation in the near-field and in the geosphere, i.e. the 
possibility that silver, molybdenum and niobium radioisotopes will migrate in 
anionic form (BS-ANNFF);  

 a longer time being needed before a transport path is established between the 
canister interior and the canister exterior, i.e. 5000 years rather than 1000 years 
(BS-TIME). 

All the cases analysed for the base scenario give similar peak normalised releases that 
are around four orders of magnitude below the regulatory geo-bio flux constraint. In 
BS-ANNFF, the assumption of anionic form increases the releases of some 
radionuclides, notably Mo-93, Nb-93m and Nb-94, but these are not major contributors 
to the overall release rates from the near field or geosphere.  

Three transport pathways are considered in each case via which radionuclides released 
from a failed canister can migrate to the geosphere and thence to the surface 
environment: 

 the F-path leads from the canister, through the buffer and the deposition hole 
damaged zone to a host-rock fracture intersecting a deposition hole; 

 the DZ-path leads from the canister to the deposition tunnel EDZ, either directly 
through the buffer or via the deposition hole damaged zone, and thence to a host-
rock fracture intersecting the EDZ; and 

 the TDZ-path leads from the canister, through the buffer to the deposition tunnel 
backfill, and thence to a host-rock fracture intersecting the deposition tunnel.  

In the base scenario, the F-path is the dominant pathway for radionuclide release, and 
C-14 gives the highest peak normalised release in all calculation cases. 

The defective canister locations in BS-LOC1 and BS-LOC2, as in the Reference Case, 
have been cautiously selected in terms of peak release rates from the geosphere to the 
surface environment. However, their discharge locations to the surface environment are 
different, and so need to be treated separately in the dose assessment reported in 
Biosphere Assessment. A canister with an initial penetrating defect may, in fact, be 
located with equal probability in any of the repository deposition holes that are accepted 
for disposal. To explore the sensitivity of radionuclide releases to the location of a failed 
canister within the repository, calculations have been performed for all potential canister 
locations for the three key radionuclides, I-129, Cl-36 and C-14. The release of C-14, 
which is the radionuclide that dominates the peak release in all base scenario calculation 
cases, has been found to be highly sensitive to the location of the defective canister, due 
to the substantial decay of this radionuclide that occurs during geosphere transport along 
the slower transport paths, and the great majority of potential locations give release rates 
far lower than calculated in the base scenario sensitivity cases. 

Complementary analyses that extend the scope of the base scenario have been 
performed to examine the sensitivity of the model results to alternative model 
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assumptions and alternative parameter values within the ranges of parameter 
uncertainty, and to obtain a better understanding of the modelled system.  

One issue is the possibility of there being more than one canister with an initial 
penetrating defect in the repository, and that more than one of these canisters could be 
unfavourably located. Based on a tentative probability model for the reliability of the 
spent nuclear fuel final disposal canister, the assumption of there being even one 
canister with an initial penetrating defect in the repository is reasonably cautious. 
However, the results in Figure 15-1 indicate that the presence of many more defective 
canisters in the repository could be tolerated from the point of view of the geo-bio flux 
constraint, especially if (as expected) they are randomly located, such that some are 
located in more favourable deposition holes than the cautiously chosen deposition hole 
assumed in the Reference Case. To illustrate this point, it has been found that the 
expectation value of release from multiple failed canisters randomly located in the 
repository is significantly less than the release rate in the Reference Case, where a 
single failed canister at a cautiously selected location is postulated. Furthermore, the 
probability that the release maximum from multiple randomly placed defective canisters 
exceeds that of the Reference Case release maximum is also low, and has been 
estimated to be about 0.04 %. The remainder of the complementary analyses described 
below thus assume just a single canister with an initial penetrating defect in the 
repository. 

To better understand the sensitivity of the modelled system to parameter uncertainties, 
Monte Carlo simulations with 10,000 realisations and probabilistic sensitivity analyses 
(PSAs) have been carried out for two cases, (i), the “hole forever” case, where the initial 
penetrating defect in the canister overpack remains unchanged over time, and (ii), the 
“growing hole” case, where the defect becomes enlarged after some time. The model 
outputs analysed are the normalised (to the geo-bio activity flux constraints in Guide 
YVL D.5) release rates from the near field to the geosphere and from the geosphere to 
the surface environment. It has been shown that C-14, Cl-36 and I-129 control the total 
normalised release rates in the Monte Carlo simulations and that the peak of the mean 
release rates in the growing-hole case is about two orders of magnitude greater than in 
the hole-forever case, consistent with the findings of the VS2 and AIC scenarios. The 
10 % of realisations with the greatest consequences are controlled by C-14. The model 
parameter Time to loss of hole resistance (i.e. the time that the defect is assumed to 
become enlarged), which takes values between 5000 and 50,000 years, is important in 
determining the peak release of C-14, with a half-life of 5700 years, whereas, for the 
longer-lived radionuclides, its influence is much smaller or even negligible.  

Regarding alternative conceptual assumptions key findings, based on further Monte 
Carlo simulations and deterministic complementary analyses are that: 

 assuming that the defect and the enlarged hole (growing hole case) are in the 
canister lid produces, in general, smaller peak release rates from the near field to the 
geosphere and from the geosphere to the surface environment than the Reference 
Case assumption where they are placed in the side of the canister; 
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 the alternative assumption that the defect becomes filled with bentonite reduces the 
total near-field release and the peak release via each of the three paths by up to 
about an order of magnitude;  

 crud inventory, if treated as part of the IRF, has no significant influence on peak 
radionuclide release rates;  

 the assumption of rock damage around the deposition hole, as made in the 
Reference Case, generally produces higher peak release rates from the near field 
than a model that does not include such rock damage;  

 the conceptualisation of the EDZ as a discontinuous and hydraulically significant 
feature generally results in somewhat lower peak release rates than a continuous 
EDZ and higher peak release rates than if the EDZ is assumed not to be 
hydraulically significant, although the effects on releases from the least favourably 
located deposition holes is small; 

 assigning a higher hydraulic conductivity to the rock damaged zones around the 
deposition holes and to the EDZ results in an increase in the peak release rates from 
the near field; 

 alternative assumptions related to the transfer of radionuclides from the tunnel 
backfill to the rock can lead to higher releases via the TDZ-path, although the F-
path remains dominant and is not significantly affected by these alternative 
assumptions;  

 the main effect of the tunnel backfill is to act as a temporary sink for a fraction of 
the radionuclides that otherwise would be released earlier from the near field to the 
rock; this positive effect (because it reduces the peak release rates) of the tunnel 
outweighs the negative effect of providing an additional release path from the 
deposition hole to the surface environment (TDZ-path); 

 groundwater type has no significant effect on peak near-field radionuclide release; 
longer-term effects beyond the peak can be explained in terms of differences in 
retention parameters between groundwater types;  

 the reduction in geosphere retention that would be produced by modelling anion 
exclusion would have little effect on geosphere release rates, at least for the 
cautiously selected Reference Case location for the defective canister; 

 at the cautiously chosen Reference Case defective canister location, the peak 
geosphere release calculated taking into account ten transport paths through the 
geosphere fracture network for each of the F, DZ and TDZ near-field release points 
is about a factor of two smaller than the peak release calculated with just one path, 
indicating that disregarding route dispersion is a cautious approach for such 
relatively unfavourable locations.  

2. Variant scenarios (VS1 and VS2) 

Higher peak normalised releases are calculated for the variant scenarios VS1 and VS2. 
These consider the degraded performance of the safety functions of the canister and the 
combined effects of the degraded performance of one or more safety functions of the 
other barriers, still within the expected conditions. 
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In Variant Scenario 1 (VS1), it has been assumed that processes occurring at the 
buffer/rock interface, due e.g. to the possible presence of highly alkaline water, lead to a 
degradation of the outer part of the buffer and to a partial loss of the radionuclide 
retention capacity of the buffer. It has also been assumed that there is an initial 
penetrating defect in one of the canisters in the repository, and that this defect becomes 
enlarged over time. A range of sensitivity cases and complementary cases has been 
analysed, considering uncertainties in groundwater composition. The timing and 
magnitude of the peak normalised release is almost identical in all cases, and is a little 
less than three orders of magnitude below the regulatory geo-bio flux constraint. The 
dominant effect giving rise to higher releases than in the Reference Case is the 
enlargement of the defect, which is assumed to grow gradually between 1000 years and 
25,000 years. The degradation of the outer part of the buffer has a relatively minor 
influence. The F-path remains the dominant pathway in all cases and C-14 the dominant 
radionuclide. 

In Variant Scenario 2 (VS2), it has been assumed that chemical erosion of the buffer 
and backfill takes place due to low ionic strength water penetrating to repository depth, 
e.g. in association with glacial retreat. Buffer erosion rates and the timing and locations 
of subsequent canister failure due to corrosion following the establishment of advective 
conditions in the buffer are taken from Performance Assessment, where, in a reference 
case, four canister failures are calculated to occur within the million year assessment 
time frame. The degraded buffer has a reduced capacity to retain radionuclides released 
subsequent to canister failure and also acts as a source of bentonite colloids. These can 
sorb radionuclides and transport them relatively rapidly into the geosphere. Geosphere 
releases to the surface environment, which are dominated by the non-sorbing and long-
lived I-129 and Cl-36, are calculated to occur for only one of the four failed canisters. In 
the analyses of the other three canisters, transport paths that leave a deposition hole via 
a fracture subsequently re-enter the engineered barrier system and are there subject to 
much lower flows, such that there is no release to the surface environment within the 
assessment time frame of one million years. Complementary analyses show that the 
peak release rate to the surface environment from the first canister is probably not 
atypical of those that would be calculated from failed canisters in other DFN 
realisations of the host rock fracture network. Somewhat higher or lower numbers of 
canister failures than the four considered in the above analysis are possible. However, 
the analysis suggests that up to around a canister failures could be tolerated before the 
regulatory geo-bio flux constraint would be exceeded. Given that the performance 
assessment indicates just a few locations (four in the reference case), this margin is 
deemed to be adequate.  

Lower safety margins are calculated for the VS2 in complementary analyses 
considering the possibility of irreversible uptake of Th, Np and U on bentonite colloids 
or the possibility is that intrinsic colloids formed within and around the canister are able 
to migrate through the eroded buffer. Here, the maximum normalised release rate to the 
surface environment remains below the regulatory geo-bio flux constraint, provided that 
the number of failed canisters is less than around ten. However, these calculations make 
some highly cautious, hypothetical assumptions, e.g. that all uptake of Th, Np and U on 
bentonite colloids is irreversible and that bentonite colloids and intrinsic colloids are 
transported instantaneously through the geosphere (in the case of intrinsic colloids, it is 
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more likely that they would either to attach to mineral surfaces within or around the 
repository, or to dissolve in the undersaturated conditions likely to be encountered 
outside the near-field/geosphere interface). In view of these assumptions, the calculated 
safety margins are again judged to be adequate.  

3. Disturbance scenarios involving earthquake and rock shear (RS and RS-
DIL) 

The next highest peak normalised releases (assuming a single canister failure) are for 
the disturbance scenarios involving earthquake and rock shear (RS and RS-DIL). The 
rock shear (RS) scenario considers the possibility of canister failure due to shear 
movements on fractures intersecting the deposition holes in the event of a large 
earthquake. Two cases have been analysed: RS1, in which rock shear and canister 
failure are assumed to occur at 40,000 years and RS2, in which they are assumed to 
occur at 155,000 years. In both cases, upon canister failure, there is an almost 
immediate release of IRF radionuclides, such as I-129, Cl-36 and Cs-135, and a more 
gradual release of Ni-59 and Nb-94, which are released congruently with the corrosion 
of zirconium alloy and other metal parts. Later, the highest near-field and geosphere 
release rates are due to Ra-226 and Cs-135. The peak normalised release rate from the 
geosphere for a single canister is more than two orders of magnitude below the 
regulatory geo-bio flux constraint (reduced still further if 1000-year centred moving 
averaging is applied), implying that more than one hundred canisters would have to fail 
simultaneously before the regulatory geo-bio flux constraint would be exceeded. This 
exceeds the 35 to 78 canisters estimated to be in critical positions that are vulnerable to 
failure in the event of a large earthquake. The peak expectation value of the normalised 
release rate (i.e. the peak probability-weighted normalised release rate), taking into 
account the uncertain timing of the earthquake leading to canister failure and assuming 
that all canisters that could potentially fail do in fact fail, is also around two orders of 
magnitude below the regulatory guideline.  

In the scenario of rock shear followed by buffer erosion (RS-DIL), the buffer undergoes 
either immediate damage due to the rock shear event, or longer-term erosion due to the 
penetration of low-ionic strength water to repository depth. As the buffer erodes, 
radionuclides sorbed onto the surfaces of the bentonite are released to the geosphere, 
either in solution or associated with bentonite colloids. Once sufficient buffer erosion 
has taken place, advective conditions are established between the internal void space of 
the canister and the geosphere, as in the scenario of corrosion failure following buffer 
erosion (Scenario VS2, above). RS-DIL is also taken to encompass cases of rock shear 
where the buffer undergoes more minor perturbation due to the rock shear event 
(deformation, local thinning). The peak expectation value of the normalised release rate 
(i.e. the peak probability-weighted normalised release rate), taking into account the 
uncertain timing of the earthquake leading to canister failure and assuming that all 
canisters that could potentially fail do in fact fail, is around an order of magnitude below 
the regulatory guideline in this scenario. 

The potential impact of irreversible uptake of Th, U and Np on bentonite colloids 
formed by buffer erosion has been assessed in complementary analyses for the RS and 
RS-DIL scenarios in a similar manner as for the VS2 scenario, above. For RS-DIL, the 
possibility that intrinsic colloids formed within and around the canister are able to 
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migrate through the eroded buffer has also been considered. The peak expectation value 
of the normalised release rate taking into account these colloid-related issues is near to 
the regulatory geo-bio flux constraint. It is, however, again emphasised that the 
calculations are hypothetical. In reality, only a small part, if any, of the Th, Np and U 
released from a repository is expected to become irreversibly sorbed to bentonite 
colloids and colloids will not be transported instantaneously and without retention 
through the geosphere, as assumed in the calculations. 

4. Accelerated corrosion rate disturbance scenario (AIC) 

The next highest peak normalised releases, but still more than an order of magnitude 
below the regulatory geo-bio flux constraint, are for the accelerated insert corrosion rate 
(AIC) disturbance scenario. Like VS1, this scenario considers the possibility that an 
initial penetrating defect in a canister becomes enlarged over time, e.g. due to faster 
than expected corrosion of the insert. However, more cautiously than in VS1, 
enlargement is assumed to occur instantaneously at 15,000 years, leading to complete 
loss of transport resistance of the defect. The main focus of the analysis of this scenario 
has been to assess the significance of whether or not a transport path between the 
internal void space of the canister and the buffer exists prior to defect enlargement. Two 
cases have been considered: AIC-TI, which assumes that such a path does not exist 
before enlargement, and AIC-LI, which includes such a path. In both cases, releases 
rapidly increase from zero before 15,000 years to peak values shortly thereafter. The 
peak is somewhat lower in AIC-TI compared with AIC-LI. This is interpreted as being 
due to the additional release, e.g. of C-14 from corrosion of the other metal parts 
(fractional corrosion rate 1.0·10-3 per year) to the void space in the canister interior in 
case AIC-LI before defect enlargement, since water is assumed to have access to the 
internal void space of the canister before enlargement in this case, but not in AIC-TI.  

In complementary analyses, as an extension of the AIC disturbance scenario, the 
possibility is also considered that C-14 in the form of methane migrates from a canister 
with an initial penetrating defect through the repository near field carried by repository-
generated hydrogen gas. A pulse of C-14 and hydrogen is released from the near field 
once gas pressure reaches the breakthrough pressure of them buffer. Two possibilities 
are considered regarding the transport of this pulse release once it reaches the 
geosphere:  

1. Hydrogen gas conveys C-14 though the geosphere with no retardation by matrix 
diffusion.  

2. All hydrogen gas and gaseous C-14 reaching the geosphere dissolves in the 
relatively large amounts of water present in the rock. The C-14 is then transported 
with flowing water through the fracture network to the surface environment, 
retarded by matrix diffusion.  

The first possibility is bounded by assuming instant transport of C-14 released with 
hydrogen from the repository near field to the biosphere, with the pulse release averaged 
over 1000 years, as allowed by regulations. It is found that the peak normalised release 
rate could be up to around 0.25, i.e. a factor of four below the regulatory geo-bio flux 
constraint. The second possibility can be analysed using the same geosphere transport 
model as in the Reference Case. The peak normalised release rate to the surface 
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environment from the Reference Case canister location, applying 1000-year centred 
moving averaging, is a little below the regulatory geo-bio flux constraint. Releases can, 
in this case, also be averaged over all potential canister locations, since all are equally 
likely locations for a defective canister. Most locations have more favourable geosphere 
retention properties than the location assumed in Reference Case, and averaging over all 
potential locations lowers the peak release rates to around two orders of magnitude 
below the regulatory geo-bio flux constraint. 

In modelling these possibilities, it is cautiously assumed that gas is transferred directly 
from the buffer into a fracture intersecting the deposition hole. In reality, gas may, for 
example, also migrate along the buffer/rock interface or enter any damaged zone 
surrounding the deposition hole and migrate from there into the deposition tunnel EDZ. 
This would, in turn, give rise to some spreading of the C-14 release to the geosphere. 
No credit is explicitly taken for this spreading in the analyses, although, as explained 
above, activity releases to the surface environment are averaged over 1000 years, as 
allowed by regulations, and the spreading due to the above near-field processes provides 
a possible line of reasoning to further support this averaging.    

15.1.2 Combinations of scenarios 

The repository system scenarios have been considered individually when evaluating the 
various safety indicators. Possible binary combinations of these scenarios are shown in 
Table 15-1.  

Many of the combinations can be excluded from further analysis on qualitative grounds. 
In some instances, pairs of scenarios are mutually exclusive or inconsistent. In 
particular, in the base scenario, it is assumed that the defect size remains unchanged 
over time, whereas, in the enlarging defect/degradation of the buffer around the canister 
scenario (VS1) and in the accelerated insert corrosion rate (AIC) scenario, the defect is 
assumed to grow. Similarly, in the earthquake and rock shear scenario (RS), the buffer 
around the failed canisters is assumed not be to significantly perturbed either by the 
rock shear event itself or by subsequent erosion, whereas these possibilities are included 
in the RS-DIL scenario. Some combinations can be excluded because other 
combinations that include the same key processes as the first ones are more penalising 
(because they contain additional, unfavourable processes or assumptions), and hence the 
analysis of these other combinations is sufficient. In particular, scenario combinations 
involving RS1-DIL are always more penalising than those involving RS (see Figure 
15-1), because they include the additional, unfavourable process of buffer perturbation 
subsequent to canister failure by rock shear. Similarly, scenario combinations involving 
AIC, with its assumed sudden enlargement of the defect, are always more penalising 
than those involving VS1, where the enlargement of the defect is assumed to be more 
gradual. The VS1 scenario also assumes some degradation of the buffer around the 
defective canister. However, the safety functions of the buffer are assumed to be upheld 
in this scenario, and the resulting increase in diffusive transfer in the buffer has been 
shown to be much less significant in terms of peak radionuclide release than the effects 
of defect enlargement.  
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Table 15-1. 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, and explained in more detail in the main 
text. Combinations shown in green are analysed further (see main text). 

Scenario      

Base scenario (BS) ×      

Enlarging 
defect/degradation of 
buffer (VS1) 

1 ×     

Corrosion failure following 
buffer erosion (VS2) 

See Fig. 
15-2 

3 ×    

Accelerated insert 
corrosion rate (AIC) 

1 3 
See Fig. 
15-5 

×   

Earthquake and rock 
shear (RS) 

See Fig. 
15-2 

2,3 2 2 ×  

Rock shear followed by 
buffer erosion (RS-DIL) 

See Fig. 
15-2 

3 
See Fig. 
15-4 

See Fig. 
15-3 

1 × 

 BS VS1 VS2 AIC RS RS-DIL 

Notes: 

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

 

The following scenario combinations thus remain that require further analysis:  

(i)  The base scenario (BS), in combination with corrosion failure following buffer 
erosion (VS2) or in combination with the rock shear scenarios (RS and RS-DIL) 

It cannot be excluded that scenarios VS2, RS or RS-DIL, which involve the large-scale 
failure of canisters, occur when the repository also contains one or more canisters with 
initial penetrating defects. If the particular canisters affected by these scenarios do not 
contain initial penetrating defects, then it is appropriate to sum the time-histories of 
releases from the two scenarios, assuming them to be independent. The evolution of 
normalised release would display a double peak − a first, smaller peak due mainly to 
C-14 prior to the large-scale failure event, which would be the same as that of the 
Reference Case, and a second, larger peak due mainly to I-129, Cl-36 and Cs-135 once 
large-scale failure occurs (assuming this to occur much later than the first peak, as is the 
case in the VS2, RS and RS-DIL scenarios). The impact of the first peak on the second 
is insignificant since the first is much smaller and likely to occur much earlier. If the 
canisters affected by large-scale failure do happen to contain initial penetrating defects, 
again the evolution of normalised release would display a double peak. However, the 
second peak could in this case be significantly larger than in the case of an initially 
intact canister that later undergoes large-scale failure. This is due to the accumulation of 
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dissolved radionuclides (e.g. Cl-36 released from the zirconium alloy cladding) in the 
interior of the defective canister. These dissolved radionuclides are then released upon 
larger-scale loss of containment (a similar effect is discussed in the context of the AIC 
scenario in Section 11.1). Note that, according to Figure 13-11, the fractional transfer 
rate from the canister to the buffer through a small defect is less than 10-6 per year for 
the radionuclides considered, and so releases from the cladding and other metal parts, 
which occur over periods of 104 and 103 years, respectively, would be mostly contained 
in the canister interior as long as the defect remains small, and there is no other cause of 
loss of containment.  

To illustrate the effect, Monte Carlo simulations with 500 realisations have been carried 
out using the “growing-hole” model (see Section 9.3). Three times for large-scale 
failure are considered: 40,000, 200,000 and 800,000 years. For each of these times, two 
simulations have been performed. In one simulation, the canister has an initial defect, 
modelled as a small hole, which evolves at the prescribed time into a much larger hole, 
simulating the effect of large-scale failure on an initially defective canister. In the other 
simulation, the canister has no initial defect, but a large hole is created in the canister at 
the prescribed time, which simulates the effect of large-scale failure on an initially intact 
canister. For a given realisation, all the model parameters take the same values in the 
two simulations. The results are shown in Figure 15-2. For most combinations of input 
parameter values, considering that large-scale failure affects an initially defective 
canister produces higher consequences than if large-scale failure affects an initially 
intact canister. In only a few realisations is the converse effect observed. The difference 
increases with the assumed large-scale failure time and is around one to two orders of 
magnitude for 800,000 years.  

According to Guide YVL D.5, the probability of unlikely events giving rise to 
radionuclide releases may be taken into account when assessing compliance with the 
geo-bio flux criteria, and the probability that the VS2, RS or RS-DIL scenarios affect an 
initially defective canister is low. Four canister failures by corrosion following chemical 
erosion of the buffer are considered in the analysis of the VS2 scenario. The probability 
that one of these canisters has an initially penetrating defect is around 1/4500 × 4, i.e. 
about 0.08 %, cautiously assuming there to be one defective canister somewhere among 
the 4500 present in the repository36. The probability of at least one large earthquake 
occurring during the million year assessment time frame is estimated at between 0.12 
and 0.23 (i.e. between 0.0048 × 24 and 0.0096 × 24, see Section 11.2.5). The number of 
canisters in critical positions is between 35 and 78. Thus, the probability that a canister 
that fails due to rock shear also has an initial penetrating defect is between around 
1/4500 × 35 × 0.12 and 1/4500 × 78 × 0.23, i.e. between about 0.1 % and 0.4 %. 

 

                                                 

36  As noted in Section 9.2, the assumption of even one defective canister in the repository is probably 
cautious; the probability of there being no such canisters has been estimated at around 90 %, see Table 
9-1. 
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Figure 15-2. Scatter plots of the peak normalised release rates from the near field 
comparing a simulation in which large-scale failure affects a canister with an initial 
defect and a simulation in which large-scale failure affects an initially intact canister. 
Three times for large-scale failure are considered: 40,000 (upper figure), 200,000 
(middle figure) and 800,000 years (lower figure). 
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Guide YVL D.5 states: 

Para. 316 

“The importance to safety of such unlikely events shall be assessed and whenever 
practicable, the resulting annual radiation dose or activity release shall be calculated 
and multiplied by its expected probability of occurrence. The obtained expectation value 
shall be below the radiation dose constraint … or activity release constraint …”.  

Figure 15-2 suggests that the increase in peak normalised release that occurs if the 
canister affected by corrosion failure or failure due to rock shear is assumed to have an 
initial penetrating defect is more than offset by the reduction that occurs when this peak 
is multiplied by the probability of occurrence of these combined scenarios. The 
combined scenarios are thus less penalising than the VS2, RS or RS-DIL scenarios 
alone. 

(ii)  Accelerated insert corrosion rate (AIC) in combination with rock shear followed 
by buffer erosion (RS-DIL) 

AIC and RS-DIL are disturbance scenarios that, individually, give the highest peak 
normalised releases (see Figure 15-1). In the case of AIC, the fact that it is a disturbance 
scenario means that its individual likelihood of occurrence is judged to be low. In the 
case of RS-DIL, however, it is the annual probability of canister failure by rock shear 
that is low. The likelihood of occurrence of the two scenarios in combination is thus 
also low. However, if AIC were to occur, there remains a significant probability that 
canister failure due to rock shear could also occur during the million year assessment 
time frame.  

Figure 15-3 shows the peak normalised geosphere release rates in calculation cases for 
the AIC and RS-DIL scenarios: cases AIC-LI, RS1-DIL and RS2-DIL. The peak release 
in case AIC-LI occurs at 15,000 years (the time of defect enlargement) and then 
decreases by an order of magnitude in about 10,000 years. It is dominated by C-14, the 
peak releases of Cl-36 and I-129 being at least an order of magnitude smaller. The 
releases of all three radionuclides in case AIC-LI are insignificant by the times of peak 
release in the RS-DIL scenario, which coincide with periods of increased water flow 
during glacial retreat. Thus, the combination of these scenarios does not affect the RS-
DIL peak releases, for the canister failure times and defect enlargement times assumed 
in these cases. 

The time of enlargement of the defect, if it occurs at all, is highly uncertain. However, it 
would need to occur shortly (i.e. a few thousand years or less) before one of the periods 
of increased water flow associated with glacial retreat for the AIC-LI release to have 
any impact on the peak release due to the RS-DIL scenario. The impact of this low 
probability occurrence would then be limited, dominated by I-129 and Cl-36, since C-14 
will have decayed to insignificance.  
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Figure 15-3. Evolution of the geosphere release rates in the cases RS1-DIL and 
RS2-DIL and in the case AIC-LI with the release rates for each radionuclide normalised 
with respect to the regulatory nuclide-specific constraints for radioactive releases to the 
environment. 1000-year centred moving averaging has been applied to the RS1-DIL and 
RS2-DIL curves. 

 
 (iii)  Corrosion failure following buffer erosion (VS2) in combination with RS-DIL 

Figure 15-4 shows the peak normalised geosphere release rates in calculation cases 
illustrating the VS2 and RS-DIL scenarios: cases VS2-H1, RS1-DIL and RS2-DIL. All 
three cases consider loss or erosion of the bentonite buffer. In VS2-H1 and RS1-DIL 
erosion occurs gradually due to the periodic penetration of glacial meltwater to 
repository depth. In VS2-H1, the groundwater flow conditions around the deposition 
hole are such that significant buffer erosion and subsequent canister failure by corrosion 
could occur within the million year assessment time frame (there are three other holes 
where corrosion failure is calculated to occur, but these are calculated not to give 
releases to the surface environment within the assessment time frame). In case RS1-
DIL, it is assumed that a rock shear event at 40,000 years causes canister failure and 
perturbs the hydraulic properties of the fracture on which the shear event occurs, such 
that glacial meltwater can reach the buffer and cause erosion. In case RS2-DIL, a rock 
shear event at 155,000 years leads to immediate, significant buffer perturbation. The 
canisters that fail in scenario RS1-DIL do not necessarily include the canister that fails 
in case VS2-H1. 
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Figure 15-4. Evolution of the geosphere release rates in the cases RS1-DIL and 
RS2-DIL and in the case VS2-H1 with the release rates for each radionuclide 
normalised with respect to the regulatory nuclide-specific constraints for radioactive 
releases to the environment. 1000-year centred moving averaging has been applied to 
the RS1-DIL and RS2-DIL curves. 

 

The peak normalised release rates in cases VS2-H1 and RS1-DIL both coincide with 
periods of increased groundwater flow associated with glacial retreat. The highest peak 
in the case of RS1-DIL occurs just before 500,000 years. It is, however, similar in 
magnitude to the RS1-DIL peak that occurs just before 600,000 years, which coincides 
with the highest peak normalised release rate for VS2-H1. The highest peak release 
rates can thus simply be summed to give a reasonable estimate of the peak release rate 
in the combined scenario. The combined peak release rate is, however, dominated by 
the RS1-DIL component, the peak due to VS2-H1 being around an order of magnitude 
smaller.  

(iv)  AIC in combination with VS2 

Figure 15-5 shows the peak normalised geosphere release rates in calculation cases 
illustrating the AIC and VS2 scenarios: cases AIC-LI and VS2-H1.  
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Figure 15-5. Evolution of the geosphere release rates in the cases VS2-H1and in the 
case AIC-LI with the release rates for each radionuclide normalised with respect to the 
regulatory nuclide-specific constraints for radioactive releases to the environment. 

 

The peak normalised release in case AIC-LI is almost two orders of magnitude higher 
than that of case VS2-H1. The AIC-LI release declines to insignificant levels by the 
time that the canister fails in case VS2-H1. Thus, combining the two cases does not 
affect the magnitudes of the peak releases from either. 

As noted earlier, the time of enlargement of the defect, if it occurs at all, is uncertain. It 
seems highly unlikely, however, that it would occur suddenly after several hundred 
thousand years, which is the estimated canister failure time in the VS2 scenario. If 
enlargement did occur at this much later time, the AIC peak would be smaller by about 
an order of magnitude and dominated by I-129 and Cl-36, since the C-14, which 
dominates the peak release in case AIC-LI, would have decayed away (see Figure 15-2). 
Both the AIC peak release (due to I-129 and Cl-36) and the VS2 peak release would be 
more than two orders of magnitude below the geo-bio flux constraint, and so, even in 
combination and considering the possibility of several canister failures, the constraint 
would not be exceeded. 

15.2 Complementary indicators for the repository system 

A range of complementary indicators has been evaluated to highlight the performance 
of certain components of the disposal system, and to provide an alternative line of 
argument for safety.  
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The calculated evolution of the activities in disposal system compartments illustrates 
where the majority of activity resides at any given time. This indicator has been used to 
show that the majority of activity is contained within the fuel, zirconium alloy and other 
metal parts at all calculated times. It illustrates the effectiveness of the waste form and 
canister in providing long-term containment, even in the presence of a small penetrating 
defect. Long periods of retention and the slowness of transport processes mean that 
substantial radioactive decay takes place for the majority of radionuclides before any 
eventual release to the surface environment can occur. 

Activity concentrations in the buffer and backfill have been found to be similar to those 
occurring naturally in the host rock in the Reference Case, but up to around two orders 
of magnitude higher than in the host rock in the VS1 scenario, where enlargement of the 
defect increases the release rate of radionuclides to the buffer and backfill. Activity 
concentrations in the buffer and backfill in the Reference Case are also similar to typical 
values for coal and fly-ash, which are examples of NORM, i.e. “naturally-occurring 
radioactive material”. 

Activity fluxes from the near field and geosphere have been compared with the 
naturally occurring activity flux due to dissolved radionuclides (most significantly, 
Ra-226) in the Olkiluoto groundwater. Releases rates from the near field and geosphere 
in the base scenario have been found to be more than an order of magnitude below the 
lower bound of the range of uncertainty/variability of Ra-226 flux through the 
repository area at repository depth. Ra-226 and its progeny have the highest dose 
conversion factor (DCF) for the hypothetical wells of all radionuclides considered in the 
safety assessment. Thus, the fact that activity flux from the repository, summed over all 
radionuclides, is less than the natural Ra-226 flux indicates that the activity flux from 
the repository is no more radiologically toxic than the natural flux, based on a measure 
of toxicity (the DCFs for the hypothetical wells) that is relevant to the site. For the 
variant scenarios, geosphere release rate maxima have been found either to be lower 
than, or to lie within, the range of naturally occurring Ra-226 flux. Only for the 
unlikely, disturbance scenarios have peak geosphere release rates been calculated that 
are above the naturally occurring Ra-226 flux range.  

Finally, it has been found that the performance of each of the repository barriers can be 
characterised by two of element-specific parameters: a fractional mass transfer rate, 
which is the reciprocal of a characteristic time to elongate, and consequently to lower, 
an input pulse during transport through a barrier, and a delay time between release to, 
and release from, a barrier. In the Reference Case, the relatively low fractional mass 
transfer rates from the canister to the buffer confirm the importance of the small hole 
with a high transfer resistance in limiting releases of the key radionuclides. 
Furthermore, the relatively low fractional mass transfer rates and long delay times along 
the TDZ-path compared with the F- and DZ-paths explain the dominance of the F- and 
DZ-paths with respect to releases to the surface environment. The delay times along the 
F-path for non-sorbing elements are sufficiently short that release of e.g. C-14 and I-129 
to the surface environment is expected to occur without significant attenuation by 
radioactive decay. 
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15.3 Role of the host rock as a transport barrier 

The safety functions of the host rock are as follows: 

 to isolate the spent nuclear fuel repository from the surface environment and normal 
habitats for humans, plants and animals and limit the possibility of human intrusion, 
and isolate the repository from changing conditions at the ground surface; 

 to provide favourable and predictable mechanical, geochemical and 
hydrogeological conditions for the engineered barriers; and 

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

Credit is taken for the first two of these safety functions in the formulation of 
radionuclide release scenarios for the repository system and in the development of 
models and compilation of data for the analysis of these scenarios. However, in many of 
the analyses, relatively little credit is taken for the third of these safety functions, i.e. the 
transport barrier provided by the host rock. This is because, in the Reference Case and 
in most other deterministic calculation cases that consider a canister with an initial 
penetrating defect, the canister is cautiously assumed to be located in a deposition hole 
with relatively unfavourable flow conditions, and from which the transport resistance 
provided along geosphere transport paths is relatively limited. The peak normalised 
release rate to the surface environment in these cases is dominated by C-14. It is shown 
in Chapter 9, however, that a defective canister emplaced in the majority of deposition 
holes would give rise to far lower C-14 peak release rates, since geosphere transport 
would be sufficiently slow for substantial decay of this radionuclide to occur. Thus, in 
the analysis of multiple canisters with initial penetrating defects, it is shown that the 
expectation value of release from multiple failed canisters randomly located in the 
repository is significantly less than the release rate in the Reference Case, where a 
single failed canister at a cautiously selected location is postulated. 

It is also the case that many sorbing radionuclides that, if released directly to the host 
rock, would decay substantially during geosphere transport, are retained so effectively 
in the near field that releases to the host rock are insignificant. If, however, the buffer is 
degraded, then the role of the geosphere in attenuating releases of these radionuclides to 
the surface environment is more significant. This is evident for example, in the VS2 
scenario, where the buffer undergoes chemical erosion (compare the near-field release 
rates in Figure 10-8 with the geosphere release rates in Figure 10-9). 

The least favourable scenario in terms of the release rates calculated to the surface 
environment is RS-DIL, in which the performance of both the buffer and the geosphere 
are assumed to be degraded following a large earthquake. However, the limited 
probability of a large earthquake occurring during any given period of glacial retreat 
means that the peak probability-weighted normalised release rate to the surface 
environment remain below the regulatory geo-bio flux constraint.  
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15.4 Link to dose assessment 

The safety indicators calculated in TURVA-2012 comprise geo-bio fluxes, which are 
the main end-points considered in this report, and the annual doses and absorbed dose 
rates to plants and animals evaluated in the biosphere assessment. As discussed in 
Section 2.4.3, not all calculation cases require dose calculations. Finnish regulations, as 
summarised in Section 2.1, imply that a quantitative dose assessment can be limited to 
the dose assessment time window, a period that extends at a minimum over several 
millennia. Releases to the surface environment within the dose criteria time window 
occur in the Reference Case, in some sensitivity cases for the base and variant scenarios 
and in one what-if case for the disturbance scenarios (AIC-LI). Dose assessment is 
carried out for these calculation cases. No dose assessment or analysis of radionuclide 
transport in the surface environment is carried out for the complementary calculation 
cases. The motivation is primarily to avoid excessive conservatism in the outcome of 
the safety assessment that would otherwise arise from combining these unlikely or 
speculative repository system cases with biosphere modelling that is also, to some 
extent, speculative. The specific calculation cases that are propagated to dose 
assessment are shown in Figure 15-6. 

15.5 Guidance to Posiva’s RTD programme 

The analysis of radionuclide release scenarios shows that canister failure due to 
earthquakes, when coupled with a loss of buffer material (scenario RS-DIL), gives peak 
normalised radionuclide release rates that most closely approach the regulatory geo-bio 
flux constraint. The analysis of the RS-DIL scenario cautiously assumes that some tens 
of canisters are in vulnerable positions, and that a single large earthquake causes all of 
these canisters to fail simultaneously. The number of canisters in vulnerable positions is 
assessed assuming the application of Rock Suitability Classification (RSC) criteria. 
These criteria are still under development, and further work aims, among other things, 
to reduce still further the risk of canister failure due to rock shear. 

Canister failure due to corrosion is only considered possible in conjunction with a 
significant degradation of the performance of the buffer, which cannot currently be 
excluded due to mainly to the possibility of chemical erosion of the buffer if low-ionic 
strength meteoric water or glacial meltwater penetrates to repository depth (the VS2 
variant scenario). The analysis of the VS2 scenario indicates that over a hundred 
simultaneous canister failures by this mechanism could be tolerated without exceeding 
the regulatory geo-bio flux constraint. This is considerably more than the few deposition 
hole locations at which (non-simultaneous) failure might happen, according to the 
performance assessment. Nevertheless, the analysis of buffer erosion and corrosion 
failure in the performance assessment is subject to significant uncertainties, and the 
avoidance of deposition holes in which chemical erosion of the buffer could 
conceivably occur is another aim of the ongoing development of RSC criteria. 
Furthermore, Posiva is carrying out RTD work that aims to improve quantitative 
understanding of the process of chemical erosion. 
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Figure 15-6. Calculation end points for the different types of calculation cases, showing 
those cases that require dose calculations to be performed as part of the biosphere 
assessment. 

 

The presence of initial, undetected penetrating defects in one or more of the canisters 
cannot currently be ruled out. In general, the resulting radionuclide releases rates are 
low. They are most significant for the unlikely disturbance scenario AIC, but even here, 
the results of the analysis indicate in the order of ten defective canisters could be present 
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in the repository without the regulatory geo-bio flux constraint being exceeded, even in 
the highly improbably event that these were all located in deposition holes with the 
unfavourable properties assumed in the analysis of this scenario. Work on the detection 
and avoidance of defects in the canister is ongoing. 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. 

The data underlying the analysis of radionuclide release scenarios are based on the 
current state of knowledge of the repository system and the processes that govern its 
evolution and performance. The Posiva RTD programme is continuously checking and 
updating these data as this knowledge advances.  

15.6 Conclusions 

The conclusions drawn from the assessment of radionuclide release scenarios are as 
follows. 

Analysis of individual scenarios 

Peak normalised releases for all calculation cases for the base scenario, variant 
scenarios and disturbance scenarios are below the regulatory geo-bio flux constraint, 
generally by more than an order of magnitude, even taking into account the possibility 
of multiple canister failures.  

Combinations of scenarios 

Possible binary combinations of scenarios have also been considered. Many can be 
excluded from detailed analysis on qualitative grounds. Where it is appropriate to sum 
the release rate of two different scenarios, the combined release rate to the surface 
environment still does not exceed the regulatory constraint. 

Sensitivities and uncertainties 

Monte Carlo simulations, a probabilistic sensitivity analysis (PSA) and a number of 
deterministic complementary analyses have been performed to obtain a better 
understanding of the modelled system. The importance of the properties of any initial 
penetrating defect in the canister and its evolution over time has been highlighted in 
these analyses. 

Complementary indicators 

A range of complementary indicators has also been evaluated. Radionuclide 
concentrations in the buffer and backfill have been shown to be comparable to examples 
of NORM, i.e. “naturally-occurring radioactive material”, and radionuclide release rates 
to be comparable to naturally occurring activity fluxes in groundwater at the site.  

Quality control and assurance 

Quality control and assurance measures have been adopted to ensure transparency and 
traceability of the calculations performed and hence to promote confidence in the 
analysis of the calculation cases. 
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APPENDIX A: COMPUTER CODES 

A.1  ConnectFlow 

ConnectFlow is a suite of computational tools for modelling groundwater flow and 
solute transport in both fractured and porous media on a variety of scales. It has been 
developed by AMEC (formally Serco Technical Services, UK) over the last 10 years 
under a quality system that conforms to the international standards ISO 9001 and 
TickIT. A technical summary of ConnectFlow is given in AMEC (2012). 

ConnectFlow includes the NAMMU equivalent porous medium (EPM37) module and 
the NAPSAC discrete fracture network (DFN) module. ConnectFlow is also the name 
given to the concept of nesting NAMMU and NAPSAC sub-models into a combined 
EPM/DFN model. Using this concept, local DFN models that represent the detailed 
flow in fractures around tunnels, shafts, canisters or boreholes can be nested within an 
EPM model that extends the model to appropriate boundaries. 

Combined models are restricted to steady-state and transient groundwater flow with 
fixed, but spatially varying, groundwater density. Advective transport through a 
combined DFN/EPM is simulated by a particle-tracking-based approach. ConnectFlow 
supports the calculation of the flow-dependent solute retention property, the F-factor, 
along the flow paths. The F-factor is almost identical to the transport resistance WL/Q 
applied in Posiva’s modelling (F = 2WL/Q). ConnectFlow particle tracking result files 
for the flow paths are directly used by MARFA for radionuclide retention and transport 
analyses. 

In TURVA-2012, ConnectFlow has been used to analyse potential release paths through 
the geosphere and to assess the groundwater flow rates around the deposition holes in 
support of radionuclide retention and transport modelling for the repository system. 
ConnectFlow also provides spatial coupling between the radionuclide source location in 
the repository and corresponding discharge location to the biosphere. 

  

                                                 

37 The term continuous porous medium (CPM) is also sometimes used. CPM and EPM are often 
synonyms. However, a distinction is sometimes drawn regarding the treatment of discrete elements. In 
both types of model, hydraulic properties are represented by equivalent values. An EPM model may, 
however, include water-conducting features represented by 2D elements and background rock by 3D 
elements. A CPM model is a more strictly continuous model, so that, e.g. in ConnectFlow’s NAMMU, 
there are only 3D elements and transmissivities of the water-conducting features are taken into account in 
the conductivity of the elements that contain the water-conducting features. 
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A.2  Codes for analysing radionuclide release and transport 

A.2.1  GoldSim 

GoldSim is a Monte Carlo simulation software solution for dynamic modelling of 
complex systems in business, engineering and science. It has a specialised contaminant 
transport module (GoldSim RT), allowing application of GoldSim in radioactive waste 
management problems. 

The contaminant transport module allows the user to represent the following processes 
explicitly. 

 Release of mass (e.g. radionuclides) from specified sources, taking into account 
both canister failure and the degradation of any materials in which the contaminants 
are bound (e.g., spent nuclear fuel).  

 Transport of contaminants along multiple transport pathways. The transport 
pathways can consist of multiple transport and storage media (e.g., groundwater, 
buffer, backfill, rock), and both advective and diffusive transport mechanisms can 
be directly simulated. Transport modelling along the pathways includes solubility 
constraints and partitioning of contaminants between the media present in the 
system. It can handle multiple radioactive decay chains of unlimited length.  

In the case of a fractured host rock, transport pathways can include sorption in four 
different regions of the fracture and the surrounding rock: 

 fracture infill; 

 fracture coating; and 

 2 layers of matrix in series. 

GoldSim can also handle biological transport pathways, although this facility is not used 
in TURVA-2012.  

The fundamental outputs produced by GoldSim RT are mass fluxes at specified 
locations within the system, and concentrations within the transport and storage media. 
Further details of the GoldSim contaminant transport module can be found at 
http://www.goldsim.com/Web/Products/Modules/ContaminantTransport/.  

The implementation of the TURVA-2012 calculation cases in GoldSim and MARFA is 
described in detail in Poteri et al. (2013). 

In previous Posiva safety analyses, the radionuclide transport from the repository to 
biosphere has mostly been computed with the near-field code REPCOM and the 
geosphere transport code FTRANS. However, for TURVA-2012, REPCOM has been 
superseded by GoldSim for all near-field release and transport calculations. Geosphere 
transport calculations have been carried out using either GoldSim or MARFA. 
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There were several reasons for replacing REPCOM with GoldSim. Firstly, GoldSim RT 
allows modelling that is more realistic in some respects compared with REPCOM. In 
particular, unlike REPCOM, solubility limits can be imposed throughout the buffer and 
in the backfill, and isotopes of the same element are properly coupled in multiple decay 
chains. GoldSim is also well suited for performing Monte Carlo simulations and PSA. It 
includes, for example, post-processing tools to perform statistical analyses on the results 
of multiple realisations. Furthermore, from the point of view of managing the analysis 
of calculation cases, there are clear benefits of using a single code for (at least some) 
integrated near-field and geosphere calculations. Finally, the user interface of GoldSim 
is easier, more user-friendly, more illustrative and clearer than that of REPCOM.  

The applicability of GoldSim to relevant problems has been tested in code verification 
exercises using REPCOM and FTRANS (Section 14.2.4 and Poteri et al. 2013).  

A.2.2  MARFA 

MARFA (Migration Analysis of Radionuclides in the Far Field) uses a particle-based 
Monte Carlo method to simulate the transport of radionuclides in a sparsely fractured 
geological medium (Painter & Mancillas 2009). The physical processes represented in 
MARFA include advection, longitudinal dispersion, Fickian diffusion into an infinite or 
multi-layered finite rock matrix, equilibrium sorption, decay, and in-growth. Multiple 
non-branching decay chains of arbitrary length are supported. The retention and 
transport processes are limited to those that depend linearly on radionuclide 
concentration. Non-linear processes such as precipitation due to solubility limitation are 
not represented. 

MARFA is designed to receive input generated using discrete fracture network (DFN), 
continuous porous medium (CPM), or nested DFN/CPM flow models. In particular, it 
can accept pathway trajectories from ConnectFlow. The pathway trajectories represent 
the movement of hypothetical, advectively transported groundwater tracers along 
pathways from radionuclide source locations. MARFA solves radionuclide transport 
along the pathways by combining a time-domain random walk method with pathway 
stochastic simulation. With this method, particles are advanced along a pathway using 
deterministic spatial displacements and random transit times for each step. MARFA 
supports an arbitrary number of trajectories and source locations, full spatial variability 
for all pathway properties, and full temporal variability in radionuclide source strength. 
It can also represent radionuclide transport in a time-dependent flow field. The Monte 
Carlo algorithm in MARFA produces output in the form of particle arrival times at 
pathway end-points. Cumulative and instantaneous mass discharge at a given time can 
be constructed from the arrival times. 

The applicability of MARFA to relevant problems has been tested in code verification 
exercises using FTRANS (Section 14.2.4 and Poteri et al. 2013).  
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APPENDIX B: MARFA DEVELOPMENT BENCHMARK TESTS 

B.1 MARFA Vsn. 3.2 

Seven verification tests were applied during the development of MARFA vsn. 3.2. 
These are reported in Chapter 5 of Painter & Mancillas (2009a), text from which is 
reproduced in the following sections, with some modifications made, mostly for 
conciseness. The reader is referred to Painter & Mancillas (2009a) for full details of the 
tests. 

These tests are designed to verify that the software solves the underlying mathematical 
equations representing radionuclide transport. The tests addressed the capabilities of the 
code to model: 

1. unlimited matrix diffusion; 

2. limited matrix diffusion; 

3. multiple transport pathways; 

4. period of reduced flow velocity with unlimited matrix diffusion; 

5. period of reduced flow velocity with limited matrix diffusion; 

6. period of increased flow velocity with unlimited matrix diffusion; and 

7. period of reduced flow velocity and reduced matrix retardation with limited matrix 
diffusion. 

In each case, benchmark solutions are obtained using a finite-difference approach by the 
MARFA developer. 

Test 1: unlimited matrix diffusion 

Test 1 used a pathway with a single segment, 100 m in length, the unlimited matrix 
diffusion model, and a two-member decay chain A  B. Mass breakthrough curves for 
the matrix-diffusion verification test are shown in Figure B-1.  
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Figure B-1. Results of MARFA Vsn. 3.2 verification test 1. Solid curves are a 
benchmark solution for mass discharge. Individual data points are mass discharge 
calculated using MARFA. The blue line and points are for species A. Black represents 
species B (Painter & Mancillas 2009a). 

 

The species-independent parameters are: 

 groundwater flow velocity: 1 m/a; 

 longitudinal dispersion length: 0.5 m; 

 fracture half-aperture: 0.1 mm; 

 rock matrix porosity: 0.01; 

 effective diffusion coefficient in rock matrix: 10-8 m2/a. 

The matrix retardation factors are 1000 and 100 for species A and B, respectively. Half-
life is 10,000 years for both species. Radionuclides are introduced into the system as 
species A. The source strength is initially 0.001 mol/a, and decreases exponentially with 
a decay constant of 0.001/a.  

The MARFA results agree very well with the target benchmark solution over a wide 
range and show discernible differences only at the extreme leading and trailing edges of 
the breakthrough curve. The MARFA results are uncertain in the tails of the 
breakthrough curve because a finite number of particles is used in MARFA simulations.  

Other tests were performed using different combinations for parameters (not shown), 
and all of these resulted in similar good agreement. 
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Test 2: limited matrix diffusion 

Test 2 differs from Test 1 in two respects. First, particles are only allowed to diffuse 
into a 2 mm region matrix adjacent to the fracture. Second, the matrix retardation 
factors are 200 and 500 for species A and B, respectively. Other parameters are as in 
Test 1. Results of Test 2 are shown in Figure B-2.  

The MARFA results agree very well with the benchmark solution over the entire range. 

Test 2a is a slight variant of Test 2. In Test 2a, the 100 m transport path is sub-divided 
into 10 segments of length 10 m each. Results of Test 2a (not shown) are identical to 
those of Test 2, thus confirming that a segmented pathway is correctly handled in 
MARFA. 

Test 3: multiple transport pathways 

Test 3 is designed to test the capability of MARFA to simulate multiple sources and 
multiple pathways. The test has two pathways originating from two sources. Pathway 
one is identical to the pathway in Test 1, while pathway 2 is identical to that of Test 2. 
The same amount of mass is released from the two sources. The instantaneous 
breakthrough curves for Test 3 are shown in Figure B-3.  

 

 

Figure B-2. Results of MARFA Vsn. 3.2 verification test 2. Solid curves are a 
benchmark solution for mass discharge. Individual data points are mass discharge 
calculated using MARFA. The blue line and points are for species A. Black represents 
species B (Painter & Mancillas 2009a).  
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Figure B-3. Results of MARFA Vsn. 3.2 verification test 3. Solid curves are a 
benchmark solution for mass discharge. Individual data points are mass discharge 
calculated using MARFA. The blue line and points are for species A. Black represents 
species B (Painter & Mancillas 2009a).  

 

Again, the MARFA results agree very well with the benchmark solution over the entire 
range. 

Test 4: period of reduced flow velocity with unlimited matrix diffusion 

Test 4 is designed to test the capability of MARFA to model changing flow velocities. 
The flow velocity in this test is initially 1 m/a. At t = 2000 years, the flow is changed to 
0.01 m/a, representing e.g. a reduction of hydraulic gradient due to the formation of 
permafrost. At t = 7000 years, the flow returns to 1 m/a. The sorption properties are 
unchanged in this test. Other parameters are identical to Test 1. Results of this test are 
shown in Figure B-4.  

The MARFA results agree with the benchmark solution over the entire range, except for 
statistical fluctuations at low breakthrough values. 
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Figure B-4. Results of MARFA Vsn. 3.2 verification test 4. Solid curves are a 
benchmark solution for mass discharge. Individual data points are mass discharge 
calculated using MARFA. The blue line and points are for species A. Black represents 
species B (Painter & Mancillas 2009a).  

 

Test 5: period of reduced flow velocity with limited matrix diffusion 

Test 5 uses the same piecewise constant-in-time velocity as Test 5, but with the limited 
matrix diffusion model. Other parameters are identical to Tests 2/2a. As in Tests 2/2a, 
two variants are considered: one with a single segment representing the pathway, and 
one with the pathway composed of 10 segments. Results for the single pathway and 
multiple pathway variants are shown in Figure B-5. 

The MARFA mass discharge results are slightly larger than the benchmark solution 
immediately following the second flow change in the single pathway variant. This 
deviation is caused by the particles that encounter both a flow change and a decay event 
when in the segment, a situation that is handled approximately in MARFA. When the 
pathway is discretised into multiple segments, a particle is less likely to experience both 
events in the same segment and the MARFA results closely approximate the benchmark 
solution over the entire range. 

Test 6: period of increased flow velocity with unlimited matrix diffusion 

In Test 6, the velocity increases by a factor of 10 in the period 2000 to 7000 years, 
consistent, e.g. with a period of increased flow during glacial retreat; otherwise, the test 
is identical to Test 4.  
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Results are shown in Figure B-6. For these conditions, the MARFA results are slightly 
lower than the benchmark results for species B just after the end of the period of 
increased flow. The duration of this deviation is brief. Moreover, the discharge during 
the period of increased flow, which is the most significant quantity from a long-term 
safety perspective, is well approximated. 

 

Figure B-5. Results of MARFA Vsn. 3.2 verification test 5 using a single- (top) or 
multiple- (bottom) segment pathway. Solid curves are a benchmark solution for mass 
discharge. Individual data points are mass discharge calculated using MARFA. The 
blue line and points are for species A. Black represents species B (Painter & Mancillas 
2009a).  
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Figure B-6. Results of MARFA Vsn. 3.2 verification test 6. Solid curves are a 
benchmark solution for mass discharge. Individual data points are mass discharge 
calculated using MARFA. The blue line and points are for species A. Black represents 
species B (Painter & Mancillas 2009a).  

Test 7: period of reduced flow velocity and reduced matrix retardation with 
limited matrix diffusion 

Test 7 is identical to Test 5, except that in Test 7 the matrix retardation factors are 
reduced by a factor of 10 during the period of reduced flow. Results are shown in Figure 
B-7. 

 

Figure B-7. Results of MARFA Vsn. 3.2 verification test 7. Solid curves are a 
benchmark solution for mass discharge. Individual data points are mass discharge 
calculated using MARFA. The blue line and points are for species A. Black represents 
species B (Painter & Mancillas 2009a).  
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B.2 MARFA Vsn. 3.3 

MARFA Version 3.3 was developed to allow the transport effects of changing flow 
directions to be represented. For the purposes of verification, this updated version was 
compared with the previously verified MARFA 3.2.2. These tests address: 

1. the retention models supported by MARFA 3.3 (unlimited diffusion, limited matrix 
diffusion, equilibrium sorption); 

2. the capability to evaluate changes in flow velocities; and 

3. the capability to evaluate multiple source terms and multiple pathways. 

These tests are reported in Chapter 4 of Painter & Mancillas (2009b), text from which is 
reproduced in the following sections, with some modifications made, mostly for 
conciseness. The reader is referred to Painter & Mancillas (2009b) for full details of the 
tests. 

Tests of the retention models  

The first set of tests address the migration of a two-member decay chain (AB) along a 
one-dimensional pathway, 100 metres long divided into one metre segments. Mass 
breakthrough curves for the unlimited matrix diffusion model are shown in Figure B-8. 
For this analysis, the advective travel time is 100 years and the global transport 
resistance parameter38 for the pathway is 106 a/m. The retention parameter39κ was set to 
0.003162 m/a1/2 and 0.0001 m/a1/2, respectively, for radionuclides A and B. The 
longitudinal dispersion length is 0.5 m. The half-life of both radionuclides A and B is 
10,000 years. 

This result shows good agreement between MARFA 3.3 and MARFA 3.2.2. Similar to 
the result shown for the matrix diffusion model, the results of the equilibrium sorption 
model and the limited matrix diffusion model tests show good agreement between 
MARFA 3.3 and MARFA 3.2.2 (results not shown). The results of these tests confirm 
that the matrix diffusion, limited matrix diffusion, and equilibrium sorption retention 
models are correctly implemented in MARFA 3.3.  

                                                 

38 The global transport resistance parameter is here defined as the quantity dx/(bv), integrated along the 
pathway segment, where b is fracture half-aperture and v is fluid velocity and x is distance along the 
segment. It is equivalent to twice the geosphere transport resistance WL/Q. 

39 RDe  , where , De and R are, respectively, matrix porosity, effective diffusion coefficient 

and retardation factor. 
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Figure B-8. Results of MARFA Vsn. 3.3 matrix diffusion retention verification test. 
Solid curves show the results calculated using MARFA version 3.2.2, and the dashed 
curves show the results calculated using MARFA version 3.3. The red curves are for 
species A. Blue represents species B (Painter & Mancillas 2009a).  

 

Flow change test 

This test was designed to assess the capability of MARFA 3.3 to model changing flow 
velocities. The flow velocity in this test is initially 1 m/a. At 10,000 years, the flow 
velocity changes to 2 m/a. The sorption properties are unchanged at the time of the 
velocity change. The source, the pathway, and the retention parameters are identical to 
those in the matrix diffusion retention verification test (above). The results of this test 
are shown in Figure B-9. These results again show good agreement between MARFA 
3.3 and MARFA 3.2.2. 
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Figure B-9. Results of MARFA Vsn. 3.3 flow change test. Solid curves show the results 
calculated using MARFA version 3.2.2, and the dashed curves show the results 
calculated using MARFA version 3.3. The red curves are for species A. Blue represents 
species B (Painter & Mancillas 2009a).  

 

Multiple sources and multiple pathways test 

This test was designed to test the capability of MARFA 3.3 to properly evaluate 
multiple sources and multiple pathways. The test evaluates a release from two separate 
sources, with releases starting at differing times and onto different pathways. The first 
source and pathway are identical to the source and pathway considered in the matrix 
diffusion retention verification test (above). The second source releases a one-mole 
pulse of radionuclide B at 10,000 years to a second pathway that has a transport length 
of 50 m and a WL/Q of 5·105 a/m. The radionuclide-specific retention model and 
parameter values are the same as those for the matrix diffusion retention verification 
test. The results of this test are shown in Figure B-10. These results again show good 
agreement between MARFA 3.3 and MARFA 3.2.2. The statistical noise in the early 
breakthrough of radionuclide B is typical of Monte Carlo analyses. 
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Figure B-10. Results of MARFA Vsn. 3.3 multiple source multiple pathway test. Solid 
curves show the results calculated using MARFA version 3.2.2, and the dashed curves 
show the results calculated using MARFA version 3.3. The red curves are for species A. 
Blue represents species B (Painter & Mancillas 2009a).  
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APPENDIX C: TREATMENT OF THE DEPOSITION HOLE DAMAGED ZONE 
IN NEAR-FIELD MODELLING 

C.1  Model set-up 

In order to test different possible approaches to including the damaged rock around the 
deposition-hole in the near-field model, a set of GoldSim scoping calculations has been 
carried out with four alternative near-field models: MODEL1, MODEL 1A, MODEL 
1B and MODEL 1C (see Figure C-1).  

 

Figure C-1. Model variants for the treatment of rock damage around a deposition hole. 
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Calculations cover the time window up to 106 years and the radionuclides C-14, Cl-36, 
I-129, Cs-135 and Ni-59 are considered. Parameter values and model assumptions other 
than those concerned with the treatment of the damaged zone are as in the Reference 
Case.  

In MODEL 1 the mixing effect of the damaged zone is not considered explicitly in 
modelling the near-field release and transport. Rather, the near-field flows QF and QDZ 
contact the buffer separately, over a 17.5 cm high cylinder of bentonite for QF and a 
50cm high cylinder for QDZ. This model treatment is identical to that used in the case 
that there is no rock damage. Rock damage is, however, considered in the groundwater 
flow modelling used to provide values for QF and QDZ. 

The remaining three variants represent the mixing effect of the damaged zone without 
explicitly modelling transport in the zone. Rather, the zone is assumed to be well mixed, 
such that there are spatially uniform radionuclide concentrations in the zone. In each 
case, the zone contains a small (arbitrary40) volume of water of 0.01 m3, and is in 
contact with part of or the whole outer surface of the buffer in the deposition hole. This 
damaged-zone water volume is represented in blue in Figure C-1. As a result of the 
assumed mixing in the damaged-zone water volume, radionuclides that reach the 
damaged zone can diffuse back into regions of the bentonite that would not be reached 
by the radionuclides (at that instant) if rock damage had not been considered. 

The differences between these three variants are summarised as follows: 

 In MODEL 1A, the damaged-zone water volume is in contact only with the 
bentonite cells that are considered to be in contact with the flows QF and QDZ. 

 In MODEL 1B, the damaged-zone water volume is in contact with all the bentonite 
cells from the fracture intersected by the deposition hole up to the top of the hole 
(the floor of the deposition tunnel).  

 In MODEL 1C, the damaged-zone water volume is in contact with the outer surface 
of all the bentonite in the deposition hole. 

Rock damage around the wall of the deposition hole has the following effects on the 
near field transport: 

 increases the values of QF and QDZ; and 

 provides a mixing effect that causes the solute concentrations in the water at the 
outer surface of the buffer, the water in the fracture that intersects the deposition 
hole and the water in the EDZ to be the same. 

 

                                                 

40Several calculations have been carried out for different values of the damaged-zone water volume: 
0.001 m3, 0.01 m3 and 0.1 m3. Nearly identical results are obtained for damaged-zone water volumes 
equal to 0.001 m3 and 0.01 m3, and only small differences are observed (for some radionuclides) when the 
damaged-zone water volume is 0.1 m3. 
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The first effect increases the peak release rates from the near field, while the 
consequences of the second effect are not obvious. MODEL 1 only takes into account 
the first effect, while MODEL 1A, MODEL 1B and MODEL 1C take into account both 
effects. 

C.2  Results 

Figures C-2 to C-6 present the results of the calculations performed for the five 
radionuclides considered: 

 for non-sorbed radionuclides (C-14, Cl-36 and I-129) there are some differences in 
near-field release rates at early times obtained with the different models, but long 
term and peak release rates are nearly identical; 

 for sorbed radionuclides (Cs-135 and Ni-59) there are significant differences 
between the results obtained with the four models.  

For Cs-135 and Ni-59, the long-term release rates with MODEL 1 are different from the 
long-term release rates with MODELS 1A/B/C (Figure C-5). It is been found that these 
differences disappear if the deposition tunnel is not included in the model. It seems that, 
for sorbed species, the mixing effect of the damaged rock translates into the transport of 
solute to the upper part of the buffer and then into the tunnel backfill, reducing the 
releases from the near field due to F- and DZ-paths. 

 

 

Figure C-2. Normalised C-14 activity release from the near field as a function of time. 
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Figure C-3. Normalised Cl-36 activity release from the near field as a function of time. 

 

 

Figure C-4. Normalised I-129 activity release from the near field as a function of time. 
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Figure C-5. Normalised Cs-135 activity release from the near field as a function of 
time. 

 

 

Figure C-6. Normalised Se-79 activity release from the near field as a function of time. 
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C.3  Discussion and conclusion 

It has been found that the four models considered provide similar release rates from the 
near field for the main radionuclides, although significant differences are observed for 
other less important radionuclides. 

Of the four models considered, MODEL 1B seems to be the most realistic 
representation of the damaged rock around the deposition hole. Assuming there is some 
hydraulic head difference between the fracture and the tunnel EDZ, water will flow 
through the damaged zone between these two features, giving rise to mixing around the 
external surface of the bentonite buffer in this region (as assumed in MODEL 1B). By 
contrast, mixing in the damaged zone below the fracture can take place only by 
diffusion, and perfect mixing is not assured. Since MODEL 1C leads to smaller releases 
than MODEL 1B, it is judged preferable to use MODEL 1B in which hydraulically 
significant rock damage around the deposition holes is included.  

Although MODEL 1 and MODEL 1A provide higher values of the peak release rates 
from the near field than MODEL 1B, the representation of the damaged rock around the 
deposition hole is non-existent (MODEL 1) or unrealistic (MODEL 1A).   

MODEL 1B has been used in all the calculations presented in this report to represent the 
damaged rock around the deposition hole.    
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APPENDIX D: RADIONUCLIDE TRANSFER FROM THE DEPOSITION 
TUNNEL TO THE ROCK 

In the Reference Case, radionuclide transfer from the water flowing along the 
deposition tunnel to the flowing groundwater in a fracture intersecting the tunnel is 
assumed to be limited by the boundary layer (film) resistance (see Ch. 4, Eq. 4.2-1). 
This assumption is based on the concept that water in the fracture flows smoothly 
around the perimeter of the tunnel. It does not account for the effects of the tunnel EDZ 
and other physical or chemical perturbations to the buffer-rock interface, which might 
affect the boundary layer resistance. It also does not account for the part of the fracture 
flow that passes through, rather than around, the tunnel. Rather, the tunnel is viewed as 
having sufficiently low permeability that water from the fracture neither enters nor 
leaves the tunnel to a significant degree, and radionuclide transfer between the tunnel 
and fracture takes place by diffusion only. 

The Reference Case conceptualisation of radionuclide transfer from the deposition 
tunnel to the rock is sketched in Figure D-1a. This conceptualisation represents one end 
of a range of possibilities. At the other end of the range, radionuclide transfer occurs 
mainly due to water flowing into the backfill, either from fractures intersecting the 
deposition tunnels (or from the central tunnels), mixing with the porewater in the 
backfill that contains radionuclides, and then the mixed groundwater/porewater with 
radionuclides flows out of the backfill back into the fractures. Thus, advection 
dominates radionuclide transfer. This alternative conceptualisation is sketched in Figure 
D-1b.  
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Figure D-1. Two conceptualisations of solute exchange between the deposition tunnel 
backfill and water flowing through an intersecting fracture. a: diffusive exchange, and 
b: advective exchange. 
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In the Reference Case conceptualisation, the rate of diffusive exchange between the 
backfill porewater and the groundwater is controlled by an equivalent flowrate, QTDF, 
which is evaluated using Eq. 4.2-1. A characteristic time for diffusive exchange of a 
non-sorbing solute in this conceptualisation, T2, is taken to be the time needed for an 
amount of the solute equivalent to that present at any given moment in the backfill pore 
spaces to migrate into the fracture. It is calculated using:  

∑ ,
 

, (D-1)

where the sum is carried out over all rock fractures intersecting a deposition tunnel and: 

QTDF,i is the equivalent flowrate for the ith fracture; 

V is the volume of backfill in a deposition tunnel; and 

 is the backfill porosity. 



The distribution of T2 over all the deposition tunnels of the repository, calculated using 
the results of the groundwater flow modelling central case, is shown in Figure D-2. 

 

Figure D-2. The distribution of T2, a characteristic time for diffusive exchange in the 
reference-case conceptualisation, over all the deposition holes of the repository (from 
Figure 6-33 of Hartley et al. 2012).  
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In the alternative conceptualisation that considers advection-dominated exchange, the 
rate of advective loss of solutes from the backfill porewater is controlled by QOUT, 
which is given by: 

	 0
 

, (D-2)

where: 

QOF is the outflow rate from intersecting fractures; and 

QC is the inflow rate from the central tunnel. 

If QC is positive, the central tunnels provide an exit route for solutes in addition to the 
fractures intersecting the deposition tunnel, whereas if QC is negative, the fractures 
provide the only exit route. 

In order to balance water flows: 

	  , (D-3)

where: 

QIF is the inflow rate to the deposition tunnel from intersecting fractures. 

From Eq. D-2 and D-3: 

,  . (D-4)

The characteristic time for advective exchange of a non-sorbing solute in this 
conceptualisation, T1, is, as before, taken to be the time needed for an amount of solute 
equivalent to that present at any given moment in the backfill pore spaces to migrate 
into the fracture. It is calculated using:  

 
, (D-5)

The distribution of T1 over all the deposition tunnels of the repository, calculated using 
the results of the groundwater flow modelling central case, is shown in Figure D-3. 
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Figure D-3. The distribution of T1, a characteristic time for advective exchange in an 
alternative conceptualisation, over all the deposition holes of the repository (from 
Figure 6-32 of Hartley et al. 2012). 

 

The mean value of T1 is 13,600 years, compared with a mean value of T2 of 212,000 
years, i.e. it is more than an order of magnitude shorter. 

Figure D-4 shows a histogram of the ratio of T2 to T1calculated for each deposition 
tunnel. The ratio is always greater than 1. 

 
Figure D-4. Histogram of the ratio of T1 to T2 for all deposition tunnels in the 
repository.  
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This provides an indication that exchange of solutes between the backfill and 
groundwater may, in some circumstances, be dominated by advective transport within 
and across the tunnels, rather than diffusion from the tunnels into groundwater flowing 
around them. 

QOUT is a measure of outflow for the entire tunnel. No calculation has been made of the 
outflow to individual fractures intersecting the tunnel. Rather, for the purposes of 
geosphere transport calculations, the equivalent flowrate QTDF is substituted by Q’TDF, 
defined by:  

´ 4  ; (D-6)

where: 

rTDZ is the effective radius of the tunnel, i.e. (A/), where A is the cross-
sectional area of the tunnel; and 

UTDF is the flow per unit width in the fracture, derived from groundwater flow 
modelling. 

 

This definition implies that flow from a section of the fracture with a width of twice the 
tunnel diameter passes into, and out of, the tunnel, transferring radionuclides to the 
fracture by advection (i.e. the tunnel is treated as being a highly conductive structure). 
This latter formulation is highly conservative, in the sense that it will tend to over-
estimate radionuclide releases via the TDZ-path. In doing so, it may however, reduce 
release via the F- and DZ-paths, so its overall impact on releases to the geosphere and to 
the surface environment can only be determined by analysing the results of a 
radionuclide transport calculation case. The complementary calculation case CS3-
BACTHROUGH defined for this purpose is described in Section 9.6.8. 
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APPENDIX E: CATEGORISATION OF REPOSITORY REFERENCE CASE 
ASSUMPTIONS AND ALTERNATIVES 

The model assumptions and simplifications used to analyse the radionuclide releases 
from repository system in the Reference Case (base scenario) are listed in the following 
tables. The alternative assumptions are used to analyse radionuclide releases from the 
repository system in sensitivity cases belonging to the base scenario or in cases 
belonging to scenarios others than the base scenario. The table does not include 
assumptions that are intrinsic to the definition of the base scenario and the definition of 
the Reference Case, as given in Formulation of Radionuclide Release Scenarios and in 
Chapter 6 of the present report. Rather, it describes additional assumptions that are 
made in order to develop a model suitable for calculating radionuclide release and 
transport. 

Assumptions and simplifications are categorised using the scheme shown in Table E-1 
(a modified version of the approach presented by Swiss National Cooperative for the 
Disposal of Radioactive Waste in the report Nagra 2002).  

Table E-1. Classification of conceptual assumptions and simplifications. 

Categorisation of assumptions for the broad characteristics and evolutionary path followed by 
the near field and geosphere and conceptualisation of phenomena  

C-LE Conceptual assumption corresponds to the likely/expected characteristics and evolution 
of the system 

C-PCA Cautious conceptual assumption within the reasonably expected range of possibilities 

WRP Within the range of possibilities, but likelihood not currently possible to evaluate − other 
(and sometimes more pessimistic) assumptions may not be unreasonable 

C-ST Stylised conceptualisation of system characteristics and evolution 

Categorisation of simplifications made for modelling purposes 

M-MS Model simplification − not significantly affecting numerical results (as shown by scoping 
calculations or more qualitative arguments) 

M-CS Model simplification − intrinsically cautious 

M-CP Model simplification − cautious given the model parameters that are also adopted 

 

Table E-2 shows assumptions regarding groundwater flow and composition. Table E-3 
shows assumptions regarding canister failure and radionuclide release from failed 
canisters. Table E-4 shows assumptions regarding radionuclide transport through the 
repository near field to the geosphere and Table E-5 shows assumptions regarding 
radionuclide transport in the geosphere. In Tables E-4 and E-5, plausible alternative 
model assumptions are also identified. These alternative assumptions are considered, 
either individually or in combination, in the various calculation cases analysed in this 
report.  
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Table E-2. Assumptions regarding groundwater flow and composition. 

Reference-case assumption Class Alternative assumptions Comment 

A.1. The distribution of groundwater flow at 
the time of first radionuclide release from 
the canister is taken from the results of 
groundwater flow modelling case 
ps_r0_5000, the underlying assumptions of 
which propagate to the Reference Case 
radionuclide transport model. 

WRP Results of groundwater flow modelling case 
ps_r0_no_spall_2000, in which there is no 
hydraulically significant rock damage around 
the deposition holes, are considered in a 
complementary analysis (Section 9.6.4). They 
are also used in cases addressing chemical 
erosion of the buffer (Sections 10.2 and 
Section 11.3), since the buffer erosion model 
suggests that fractures in the damaged zone 
would become filled with eroding material. 

The rationale for the choice of ps_r0_5000 is 
described in Section 6.2. The distributions of 
groundwater flow parameters from other 
groundwater flow modelling cases are 
described in Chapter 4, and shown to be, in 
general, described by similar statistics. The 
main exception is the equivalent near-field flow 
QF in case ps_r0_no_spall_2000, where no 
hydraulically significant damaged zone is 
assumed (see A.29). 

A.2. The distribution of groundwater flow is 
constant in time. 

C-ST Variations in groundwater flow rate with time 
due to major climate change modelled 
explicitly in variant scenario VS2, which 
considers canister failure following buffer 
erosion (Section 10.2) and in disturbance 
scenario RS-DIL, which considers canister 
failure due to rock shear followed by buffer 
erosion (Section 11.3). 

Time-dependent geosphere transport 
velocities modelled using a time-dependent 
velocity factor that accounts for the expected 
variations in hydraulic gradient over time. 

A.3. The groundwater type at the time of 
first radionuclide release from the canister 
is brackish. 

C-LE 
 

Geochemical transport parameters for 
groundwater types other than brackish are 
considered in the complementary analyses 
presented in Section 9.7 and 12.1.1, in the 
VS1 scenario (Section 10.1) and in the 
scenarios mentioned in A.4, below. 

Brackish groundwater is the reference 
groundwater type at the time of first 
radionuclide releases, but the groundwater 
composition will vary with time due to crustal 
uplift and climate changes. The effects are 
scoped by considering different, time-
independent groundwater types, as well as by 
modelling variations in composition explicitly 
(see A.4, below). 

A.4. Groundwater composition and 
associated geochemical transport 
parameters do not vary with time. 

C-ST Variations in composition with time modelled 
explicitly in variant scenario VS2, which 
considers canister failure following buffer 
erosion (Section 10.2) and in disturbance 
scenarios RS and RS-DIL addressing canister 
failure due to rock shear (Sections 11.2 and 
11.3). 
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Table E-3. Assumptions regarding canister failure and radionuclide release from failed canisters. 

Reference-case assumption Class Alternative assumptions Comment 

A.5. A single canister with an initial 
penetrating defect is assumed to be 
present in a deposition hole that is 
cautiously selected, in the sense that it 
leads to maximum radionuclide release 
rates to the surface environment that are 
higher than would be the case for the 
majority of holes (the defective canister is, 
in reality, equally likely to be located in any 
of the holes). 

WRP The possibility that there is more than one 
initially defective canister, randomly located 
within the repository, is considered in Section 
9.2. 
Alternative, cautiously chosen locations for 
single canister with initial, penetrating defect 
are considered in sensitivity cases BS-LOC1 
and BS-LOC2 (Section 8.1). 

 

A.6. Water enters the canister and 
accumulates in the void space in the 
canister interior, which has a time-invariant 
volume of 700 litres. 

M-CS 
(C-LE) 

Uncertainty/variability in canister void space 
and water content is considered in the Monte 
Carlo simulations (Chapter 9). Possible 
penetration of bentonite into internal void 
space of the canister is also considered in the 
Monte Carlo simulations. 

 

A.7. 1000 years after canister 
emplacement, radionuclide release from 
the canister begins. 

M-CS Uncertainty in the duration of the period before 
a transport path is established between 
canister interior and exterior is considered in 
the Monte Carlo simulations (Chapter 9) and in 
a base scenario/sensitivity case BS-TIME 
(Section 8.3). 

Delay, due e.g. to the intactness of many of 
the cladding tubes, consumption of water due 
to corrosion of the insert and to the generation 
of gas hindering water ingress, is highly 
uncertain. However, the consumption of water 
by corrosion of the insert is the most likely 
outcome in the case of a small penetrating 
defect (Pastina & Hellä 2006, Gribi et al. 
2007). 

A.8. The transport resistance of a 
penetrating defect remains constant over 
the assessment period. 

C-ST The expansion of the defect over time is 
considered in the Monte Carlo simulations of 
the “growing-hole” case (Chapter 9), in variant 
scenario VS1 (Section 10.1) and in the 
accelerated insert corrosion rate (AIC) 
disturbance scenario (Section 11.1). 
Entry of bentonite and/or corrosion products 
into the defect is considered in a 
complementary case CS-FILL (Section 9.5.3). 
 

The evolution of a defect is uncertain. Its 
transport resistance may either increase or 
decrease with time. 
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Reference-case assumption Class Alternative assumptions Comment 

A.9 Radionuclides that are concentrated at 
grain boundaries in the fuel, at pellet 
cracks and in the fuel / cladding gap are 
released instantaneously upon contact with 
water entering a failed canister. 

M-CS None Though the assumption of instant release is 
conservative, the proportion of the overall 
inventory of a radionuclide that is assumed to 
be instantly released (the IRF) is subject to 
uncertainty, and this uncertainty is included in 
the PDFs for the Monte Carlo simulations 
(Chapter 9). 

A.10 Radionuclides in the fuel matrix are 
congruently released as the fuel dissolves. 

C-LE None Experimental evidence supports the 
assumption of congruent release (Gray 1999; 
Röllin et al. 2001). 
 

A.11 A constant rate of fuel dissolution is 
assumed over the assessment period. 

C-LE None The rate at which dissolution occurs is 
determined primarily by redox conditions in the 
immediate vicinity of the fuel surfaces. Redox 
conditions are expected to be reducing due to 
the presence of hydrogen and corroding iron 
(see, e.g. Carbol et al. 2005). 

A.12 Radionuclides in the fuel cladding and 
in other metal parts are congruently 
released as these components corrode. 

C-LE None  

A.13 A constant corrosion rate is assumed 
for the fuel cladding and for other metal 
parts, until the corrosion process is 
complete. 

C-LE None The fractional corrosion rate of zirconium alloy 
cladding (10-4 per year) and that of other metal 
parts (10-3 per year) are pessimistic. 

A.14. IRF radionuclides and radionuclides 
released by fuel dissolution and corrosion 
of metal parts enter solution. 

WRP Possibility that C-14 in gaseous form is 
conveyed through the buffer by repository 
generated gas addressed in complementary 
analyses (Section 12.3). 

 

A.15. Dissolved radionuclides are assumed 
to be uniformly mixed in the void space in 
the canister interior (the transport 
resistance provided by constricted internal 
spaces − e.g. the fractured cladding − that 
could lead to non-uniformity is neglected) 
and sorption on corrosion products inside 
the canisters is not considered. 

M-CS None  
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Reference-case assumption Class Alternative assumptions Comment 

A.16. Solubility limits constrain the 
aqueous concentrations of certain 
radionuclides within the canisters, with 
precipitation occurring if the solubility limits 
of the corresponding elements are 
exceeded, and redissolution occurring if 
concentrations fall. 

C-LE None  

A.17. Any radionuclide-bearing colloids 
formed when solubility limits are exceeded 
are retained within the internal void space 
of the canister. 

C-LE Possibility that capacity of buffer to filter intrinsic 
colloids formed within or around the canister is 
lost is considered in the context of scenario VS2 
and RS-DIL addressing chemical erosion of the 
buffer (Sections 12.2.3 and 12.4.2). 

It is a design requirement that the buffer shall 
have sufficiently fine pore structure that 
transport of radiocolloids formed within or 
around the canister is limited (see Design 
Basis).The buffer is expected to provide a 
colloid filter unless its density is reduced. 

A.18. C released by the corrosion of 
activated metal parts is in the form of 
methane. 

M-CS The Monte Carlo simulations assume that part 
of the C inventory is in inorganic form (Chapter 
9). 

Most of C-14 released from the spent nuclear 
fuel and the zirconium alloy cladding is 
expected to occur in organic form (Wersin et 
al. 2012a, b). Assumption of methane and that 
methane does not sorb in either the near field 
or geosphere is cautions. 

A.19. Only the concentrations of isotopes 
originating from the spent nuclear fuel are 
taken into account in evaluating whether 
solubility limits are exceeded in the internal 
void space of the canisters; the 
background concentrations of isotopes 
originating elsewhere are conservatively 
ignored. 

M-CS None  

A.20. Immobilisation by co-precipitation 
with secondary minerals derived from the 
fuel and canister corrosion is neglected. 
However, the solubility limit of Ra takes 
account of co-precipitation with Ba, based 
on their relative inventories in the fuel 
matrix. 

M-CS 
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Table E-4. Assumptions regarding radionuclide transport through the repository near field to the geosphere. 

Reference-case assumption Class Alternative assumptions Comment 

A.21. Radionuclide transport in the buffer 
occurs only by aqueous diffusion. 

M-MS The possibility that C-14 in gaseous form is 
conveyed through the buffer by repository 
generated gas is addressed in complementary 
analyses (Section 12.3). 

With the exception of gas-related effects, if the 
buffer performs according to design, other 
processes can either be excluded (e.g. colloid-
facilitated transport through the buffer) or, in 
the case of advection, can be shown to be so 
small as to be negligible. 

A.22. Diffusion is well described by Fick’s 
laws. 

C-LE None  

A.23. Some radionuclides are subject to 
anion exclusion in the buffer, affecting their 
diffusion coefficients and the effective 
porosity that they encounter. 

C-LE None Buffer pore surfaces, being negatively 
charged, repel anions. Anion concentrations in 
narrow pores and near to pore surfaces in 
larger pores are therefore less than in the case 
of neutral and cationic species, for given 
concentrations at the boundaries. 

A.24. Transport in the buffer is retarded by 
linear, equilibrium sorption. 

M-CP None Sorption may, in reality, be non-linear, but Kd 
values can be selected to handle non-linearity 
conservatively. 

A.25. Solubility limits and distribution 
coefficients in the repository near field are 
based on a pore water composition that is 
derived assuming brackish groundwater. 

C-ST Solubility limits and distribution coefficients in 
the repository near field are that based on 
alternative groundwater compositions that are 
constant in time are used in the analysis of 
variant scenario VS1 (Section 10.1). 
Variations in composition with time are 
modelled explicitly in variant scenario VS2, 
which considers canister failure following 
buffer erosion (Section 10.2) and in 
disturbance scenarios RS and RS-DIL 
addressing canister failure due to rock shear 
(Sections 11.2 and 11.3). 

Groundwater composition will vary over time, 
in particular in response to current crustal uplift 
and the impact of future climate changes 
(glaciation). 

A.26. Only the concentrations of isotopes 
originating from the spent nuclear fuel are 
taken into account in evaluating whether 
solubility limits are exceeded at the 
buffer/rock interface. 

M-CS None The background concentrations of isotopes 
originating, for example, from the groundwater 
are conservatively ignored. 



 

 

423 

Reference-case assumption Class Alternative assumptions Comment 

A.27. Radionuclides are transferred from 
the buffer and its surrounding damaged 
zone (i) to a host rock fracture intersecting 
a deposition hole, (ii) to the deposition 
tunnel EDZ or (iii) to the deposition tunnel 
backfill. 

C-LE None  

A.28. A damaged zone is assumed to exist 
around the deposition holes. The volume of 
water in the damaged zone between the 
fracture intersected by the deposition hole 
and the top of the hole is assumed to be 
well mixed (homogeneous radionuclide 
concentration). 

M-MS Possibility that there is no hydraulically 
significant rock damage around the deposition 
holes is considered in a complementary 
analysis (Section 9.6.4). See also A.29, below. 
Alternative conceptualisations that also 
assume full mixing in the damaged zone, and 
no mixing in the damaged zone, are analysed 
in Appendix C. 

 

A.29. The transport resistance of any 
bentonite extruded from buffer into 
fractures intersecting the deposition holes 
is conservatively neglected. 

M-CS Results of groundwater flow modelling case 
ps_r0_no_spall_2000, in which there is no 
hydraulically significant rock damage around 
the deposition holes, are used in variant 
scenario VS2 and disturbance scenario RS-
DIL (Sections 10.2 and Section 11.3), which 
involve chemical erosion of the buffer, since 
the buffer erosion model suggests that 
fractures in the damaged zone would become 
filled with eroding material. 

Phenomenon of bentonite intrusion into 
fractures is discussed in the context of 
“chemical” erosion in Section 7.5 of 
Performance Assessment.  

A.30. There is no transfer of radionuclides 
considered from the deposition tunnel to 
the EDZ. 

C-ST None.  

A.31. Radionuclides migrating along the 
deposition tunnel are transferred 
predominantly by diffusion to rock fractures 
intersecting the tunnel.  

WRP Possibility that radionuclides migrating along 
the deposition tunnel are transferred 
predominantly by advection to rock fractures 
intersecting the tunnel is considered in a 
complementary analysis (Section 9.6.8). 

Conceptualisations of diffusive and advective 
transfer are described in Appendix D.  
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Table E-5. Assumptions regarding radionuclide transport in the geosphere. 

Reference-case assumption Class Alternative assumptions Comment 

A.32. Repository-generated gas released 
to the geosphere, which may contain C-14 
from the spent nuclear fuel, is assumed to 
rapidly dissolve in the groundwater. 

C-LE None  

A.33. Spreading of radionuclide releases 
by longitudinal dispersion along the path is 
neglected. 

M-CP Longitudinal dispersion, characterised by a 
Peclet number, is included in the Monte Carlo 
simulations (Chapter 9). A sensitivity analysis 
using multiple paths from groundwater flow 
modelling to quantify potential route dispersion 
is described in Section 9.8.3. 

In reality, radionuclides will migrate from a 
failed canister along a heterogeneous set of 
transport paths. Longitudinal dispersion may 
arise due, for example, to the variability in 
transport times between one path and another. 
The omission of longitudinal dispersion is 
cautious with respect to the magnitude of 
activity flux from the geosphere to the 
biosphere provided the transport resistance of 
the geosphere is selected cautiously, taking 
geosphere heterogeneity into account. 

A.34. Matrix diffusion is well described by 
Fick’s laws. 

C-LE None  

A.35. All the pore space between fractures 
is accessible to matrix diffusion. 

C-LE None See e.g. the discussion of matrix diffusion in 
Section 9.2.2 of Complementary 
Considerations. 
 
 

A.36. Diffusion into stagnant water pools in 
the fractures is conservatively omitted. 

M-CS None  

A.37. Anion exclusion in the fracture wall-
rock layers is not included. 

C-LE As a hypothetical bounding illustration of the 
possible effects of anion exclusion on the 
migration in the geosphere, the near-field 
release, the effects of anions migrating 
instantaneously through the geosphere 
(without spreading or delay) are evaluated in 
Section 9.8.2. 

Anion exclusion is likely to reduce the effective 
diffusion coefficient in the (unaltered) rock 
matrix by half an order of magnitude, and the 
effect of the anion exclusion in the rock layers 
with higher porosity and limited thickness can 
be considered to be even less. The 
corresponding uncertainty in the effective 
diffusion coefficient is small compared with the 
uncertainty and variability in the flow-related 
transport resistance (WL/Q) (see Section 5.3). 
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Reference-case assumption Class Alternative assumptions Comment 

A.38. Transport in the fracture wall-rock 
layers is retarded by linear, equilibrium 
sorption. 

M-CP None Sorption may, in reality, be non-linear, but Kd 
values can be selected to handle non-linearity 
conservatively. 

A.39. Distribution coefficients are based on 
the assumption of brackish groundwater.  

C-ST Distribution coefficients in geosphere based on 
alternative groundwater compositions that are 
constant in time are used in variant scenario 
VS1 (Section 10.1) and in complementary 
analyses for this scenario (Section 12.1.1). 

Groundwater composition will vary over time, 
in particular in response to current crustal uplift 
and the impact of future climate changes 
(glaciation). 

Variations in composition with time modelled 
explicitly in variant scenario VS2, which 
considers canister failure following buffer 
erosion (Section 10.2) and in disturbance 
scenarios RS and RS-DIL addressing canister 
failure due to rock shear (Sections 11.2 and 
11.3). 

A.40. Colloid-facilitated radionuclide 
transport is negligible. 

C-LE Radionuclide transport in the presence of 
colloids generated by bentonite erosion is 
considered in variant scenario VS2 (Section 
10.2) and disturbance scenario RS-DIL 
(Section 11.3). 

Colloid concentrations are low in Olkiluoto 
groundwater.  

A.41. A gas phase is not naturally present 
in the bedrock, and repository-generated 
gas has no significant impact on 
groundwater flow or geosphere transport at 
times when radionuclide releases to the 
geosphere may occur. 

C-LE None At the Olkiluoto site there is naturally occurring 
gas dissolved in the groundwater, but no signs 
of meaningful amounts of gas in the gas phase 
have been found.  

A.42. No account taken of irreversible 
sorption or long-term immobilisation 
processes (precipitation/co-precipitation) in 
the host rock. 

C-ST None Cautious, unless a change in geochemical 
conditions leads to remobilisation of previously 
immobilised radionuclides. There is no 
evidence to suggest this might happen at the 
site. 
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APPENDIX F: DERIVATION OF THE REFERENCE INVENTORY OF 
RADIONUCLIDES AND STABLE ISOTOPES 

TURVA-2012 has to account for variability and uncertainty in the spent nuclear fuel to 
be disposed of in the repository, stemming principally from differences in the fuel types 
of the reactors operating now and in the future, the different levels of enrichment and 
burn-up of the fuels and, in the case of boiling water reactors, different void fraction 
histories. It would be unreasonable to analyse all possible variants in individual 
calculation cases. A reference inventory of radionuclides and stable isotopes has 
therefore been compiled that takes into account the full range of spent nuclear fuel to be 
disposed of, and is sufficiently representative of all of them.  

The similarity of the radionuclide content in the matrices of the different types of fuel 
assembly simplifies the process of compiling the reference inventory. The most 
significant differences between the fuel assemblies are related to their various metallic 
components. This is because of differences in the composition of the metals, which 
results in significant differences in the activities of activation products. However, the 
importance of this is limited by the low activities of the metal components compared 
with the activity levels of the spent nuclear fuel matrices. 

A key requirement of the reference inventory is that it should be cautiously selected in 
terms of radiological consequences. A straightforward way to accomplish this has been 
to choose the maximum nuclide-specific activity for each radionuclide and class of 
material (fuel, zirconium-based alloys and other metals) from the set of activity 
calculations carried out for each fuel type. This approach is described further in the 
following sections of this appendix, which address: 

1. derivation of the reference inventory of radionuclides (activity inventory); 

2. derivation of the reference inventory of the amounts of each element, including 
stable isotopes; and 

3. selection of the radionuclides to be analysed. 

 

F.1  Derivation of the reference activity inventory 

The main elements considered in the derivation of the activity inventory are 1) the 
reactor physical activity calculations, 2) the partitioning of the activity between the 
various components of fuel assemblies, 3) the assignment of instant release fractions 
(IRF), 4) the selection of suitable activities for the reference inventory, and 5) the 
selection of the most safety relevant radionuclides for the release, retention and 
transport calculations. Phases 1–4 of the process are illustrated in Figure F-1 and Phase 
5 in Figure F-2 (Section F.3). 
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Figure F-1. The derivation of the activity and element inventories for spent nuclear 
fuel, zirconium-based alloys and other metals. The elimination of the least important 
radionuclides is carried out as a separate process (see Figure F-2). 

 

The sources of activity data for each radionuclide are listed in Table F-1. The activities 
in fuel and “other metals” were mainly produced using the SCALE 5 program package 
in the year 2005 (Anttila 2005) and the activities in zirconium alloy using the Serpent 
program (Leppänen 2011) in the year 2011. ORIGEN-S is a part of SCALE 5. The 
element-wise composition was produced solely with SCALE 5. 
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Table F-1. The sources of activity data by radionuclide. The smallest activity fractions, 
below a cut-off limit of 5 % of the total activity of a radionuclide, are not shown. 

Radionuclide Fuel Zirconium alloy Other metals 

Ag-108m SKB TR-10-13 

Am-241 WR 2005-71 

Am-243 WR 2005-71 

Be-10 Serpent 2011

C-14 Serpent 2011 Serpent 2011 WR 2005-71 

Cl-36 Serpent 2011 Serpent 2011

Cm-245 WR 2005-71 

Cm-246 WR 2005-71 

Cs-135 WR 2005-71 

Cs-137 WR 2005-71 

I-129 WR 2005-71 

Mo-93 WR 2005-71 

Nb-91 Serpent 2011 Serpent 2011

Nb-92 Serpent 2011

Nb-93m WR 2005-71

Nb-94 Serpent 2011 WR 2005-71 

Ni-59 WR 2005-71 

Ni-63 WR 2005-71 

Np-237 WR 2005-71 

Pa-231 WR 2005-71 

Pd-107 WR 2005-71 

Pu-238 WR 2005-71 

Pu-239 WR 2005-71 

Pu-240 WR 2005-71 

Pu-241 WR 2005-71 

Pu-242 WR 2005-71 

Se-79 WR 2005-71 

Sm-151 WR 2005-71 

Sn-126 WR 2005-71 

Sr-90 WR 2005-71 

Tc-99 WR 2005-71 

Th-230 WR 2005-71 

Th-232 WR 2005-71 

U-233 WR 2005-71 

U-234 WR 2005-71 

U-235 WR 2005-71 

U-236 WR 2005-71 

U-238 WR 2005-71 

Zr-93 Serpent 2011 Serpent 2011

WR 2005-71: Anttila (2005). 

Serpent 2011: Calculations carried out by Anttila, M. with the Serpent code in the year 2011. A code 
description is found in Leppänen (2011). The calculations will be documented in Models and Data for the 
Repository System. 

SKB TR-10-13: The Ag-108m activity in the PWR control rods is based on the information about the 
Swedish PWR control rods with AgInCd alloy (SKB 2010a). 
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The calculations with SCALE 5 and Serpent gave indirect and direct results on activity 
partitioning within the fuel assemblies. The partitioning was further adjusted between 
the fuel matrix, zirconium alloy and other metals using the material data. 

The instant release fractions (IRF) assigned to each element for the three fuel assembly 
materials are shown in Table F-2. The rationale for the selection of these IRFs is 
provided in Models and Data for the Repository System. The IRFs are similar to those 
assumed in the RNT-2008 safety analysis (Nykyri et. al 2008), which were identical to 
those presented in the SR-Can data report (SKB 2006). However, further elements have 
been added, in line with the SR-Site data (SKB 2010b). The IRF concept is mainly 
relevant to the fuel matrix, but the zirconium alloy and other metals are also assigned 
IRFs for silver and carbon. Crud is not considered in Table F-2. However, in a 
complementary analysis described in Section 9.5.4, the crud inventory is treated as an 
additional IRF.  

The many results arising from the reactor-physical activity calculations for the different 
fuel variants were filtered and sorted so that, for each radionuclide and each of the three 
material classes, a maximum activity was extracted for the reference activity inventory. 
An activity maximum here means the highest activity between 30 and 1,000,000 years. 
The method guarantees a maximum activity inventory for each individual radionuclide. 
By combining the least favourable activities from all the fuel types, the method 
produces reference inventory with no exact counterpart in the real world. However, 
because the relatively strong similarity between the fuel types, the activities in the 
reference inventory are not unreasonably high.  
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Table F-2. The instant release fractions (IRF) chosen for the reference inventory. The 
set of elements in the list is the same as in Table 6-6. 

Element IRF of fuel IRF of 
zirconium 
alloys 

IRF of other 
metals 

Ag 5 %  100 % 

Am    

Be 5 %   

C 10 % 20 %  

Cl 10 %   

Cm    

Cs 5 %   

I 5 %   

Mo 5 %   

Nb    

Ni 5 %   

Np    

Pa    

Pd 1 %   

Pu    

Ra    

Se 0.4 %   

Sm    

Sn 0.01 %   

Sr 1 %   

Tc 1 %   

Th    

U    

Zr    

Note: Where crud is involved in an analysis, the IRF of 
100 % is assigned to its radionuclides. 

 

F.2 Derivation of the reference inventory of elemental amounts 

Filtering and sorting similar to that used for the reference activity inventory was also 
carried out to derive a set of elemental amounts. However, minimum amounts rather 
than maxima were taken. This is a cautious approach in the context in which the 
elemental amounts are used, namely the modelling of solubility limitation of 
concentrations in the near field. In particular, lower values of the elemental amounts 
(that include stable isotopes) mean that solubility limits are less readily reached, leading 
to less retention of radionuclides by precipitation. 

F.3 Selection of the radionuclides to be analysed 

Those radionuclides that can have no conceivable impact on safety have been 
disregarded when deriving the reference inventory and so are also disregarded in the 
radionuclide release, retention and transport calculations. A screening procedure has 
been applied to identify these radionuclides. 
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The radiological consequences of different radionuclides vary over a wide range, and 
only a relatively small subset dominate consequences overall. Therefore, only a limited 
set of the most important radionuclides is sufficient to be included in the safety analysis. 
Many radionuclides can be eliminated using a few simple rules. The remainder are 
eliminated by more refined but still simplified means, such as bounding and scoping 
calculations. Information from previous safety analyses also provides useful information 
to support the screening process. 

The screening procedure is illustrated in Figure F-2. Steps 1–3 are carried out with 
simple filtering and by calculating the Risk Quotients (RQs) for the radionuclides. The 
radionuclides with zero activity are rejected in Step 1. The RQ for Step 2 is defined as a 
normalised product of the maximum activity of a radionuclide over all time and the dose 
conversion factor for ingestion of the same radionuclide. The radionuclides with RQ < 1 
are rejected. Those with half-lives shorter than one year are rejected in Step 3. 

Applying these three steps, the number of radionuclides is reduced from 1485 to 89. 
Step 4 uses ad hoc radionuclide transport calculations and experience from earlier safety 
analyses, further reducing the number of radionuclides to the 41 radionuclides shown in 
Table F-1 and modelled in the analysis of radionuclide release scenarios. 

 

 

Figure F-2. The reduction of the set of radionuclides (RNs) that are analysed in the 
radionuclide release scenarios. The numbers 1 to 4 refer to the main steps. 
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