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ABBREVIATIONS AND DEFINITIONS 

α Alpha (radiation). 

β Beta (radiation). 

γ Gamma (radiation). 

λ Thermal conductivity. 

ABM Alternative Buffer Materials Experiment (at Äspö). 

ANME ANaerobic MEthanotrophic archaea. 

AP After Present. 

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

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

BP Before Present. 

Bq Becquerel (standard unit of radioactivity). 

BWR Boiling Water Reactor (Olkiluoto 1&2). 

CASH Calcium, Aluminium Silicate Hydrate. 

CEC Cation Exchange Capacity. 

CSH Calcium Silicate Hydrate. 

Cu-OF Oxygen Free, High Conductivity Copper. 

DDEP Decay Data Evaluation Project. 

DDS Description of the Disposal System. 

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

DIC Dissolved Inorganic Carbon. 

DiP (Government) Decision-in-Principle. 

Disposal system Repository system + surface environment. 

DLVO Derjaguin, Landau, Verwey, Overbeek. 

DOC Dissolved Organic Carbon. 

DOE (U.S.) Department of Energy. 

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

EBW Electron Beam Welding. 

EC European Commission. 

EdZ Excavation disturbed Zone; section of the rock where less 
intensive excavation-induced changes occur that are potentially 
reversible. 
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EDZ Excavation Damaged Zone; section of the rock that is irreversibly 
damaged by the excavation of the tunnel. 

EEDC Employment and Economic Development Centre. 

EPR European Pressurised water Reactor (trade name for the 
pressurised water reactor used at OL3). 

EPRI Electric Power Research Institute. 

EU European Union. 

FEPs Features, Events and Processes. 

FSW Friction Stir Welding. 

GD Government Decree. 

GPS Global Positioning System. 

HRL Hard Rock Laboratory (at Äspö). 

IAEA International Atomic Energy Agency. 

ILW Intermediate Level (radioactive) Waste. 

IRF Instant Release Fraction. 

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

KBS-3V (Kärnbränslesäkerhet 3-Vertikal). The reference design alternative 
of the KBS-3 method, in which the spent nuclear fuel canisters are 
emplaced in individual vertical deposition holes. 

Kd Distribution coefficient. 

keff Effective neutron multiplication factor. 

KTM Finnish Ministry of Trade and Industry. 

L/ILW Low and Intermediate Level (radioactive) Waste. 

LASGIT LArge Scale Gas Injection Test. 

LDF Layout Determining Feature. 

LET Linear Energy Transfer. 

LGM Last Glacial Maximum. 

LLW Low Level (radioactive) Waste. 

LO1, LO2 Loviisa reactors 1 and 2. 

LOT The long-term test of buffer material (at Äspö). 

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

MICADO Model Uncertainty for the Mechanism of Dissolution of Spent 
Fuel in Nuclear Waste Repository. 

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 %. 
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NDA Nuclear Decommissioning Authority. 

NDT Non-Destructive Testing. 

NEA Nuclear Energy Agency. 

NF-PRO The Near Field Processes research project (EC funded project). 

NPP Nuclear Power Plant. 

OL1, OL2 Olkiluoto 1 and 2 reactors. 

OL3 Olkiluoto 3 reactor. 

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

OL-KR Olkiluoto (deep) borehole. 

ONKALO Underground research facility at Olkiluoto. 

OPC Ordinary Portland Cement. 

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

POTTI Database at Posiva. 

PRECCI Programme de Recherches sur l’Evolution à long-terme des Colis 
de Combustibles Irradiés. 

PWR Pressurised Water Reactor. 

QA Quality Assurance. 

QC Quality Coordinator. 

R&D Research and Development. 

REDUPP Reducing Uncertainty in Performance Prediction. 

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

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. 

SA/V Surface Area to Volume (ratio). 

SAFCA Safety Case project. 

SCC Stress Corrosion Cracking. 

SKB Swedish Nuclear Fuel and Waste Management Company.  

SRB Sulphate Reducing Bacteria. 

STUK Finnish Radiation and Nuclear Safety Authority. 

SVAT Soil-Vegetation-Atmosphere-Transfer (system model). 

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

THERMOCHIMIE Andra’s Thermodynamic Database. 

THMCB Thermal-Hydrological-Mechanical-Chemical-Biological. 

TILA-96 Name of Posiva’s safety assessment 1996. 

TILA-99 Name of Posiva’s safety assessment 1999. 

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. 

VAHA Requirements management system at Posiva. 

VTT VTT Technical Research Centre of Finland 

VVER-440 Pressurised water reactor type at Loviisa. 

YJH Finnish abbreviation for Nuclear Waste Management. 

YVL STUK’s (see STUK) regulatory guide series for nuclear facilities. 
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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 and the central tunnels and the other underground 
openings are to be backfilled with materials of low permeability.  
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Figure 1-1. Schematic presentation of the KBS-3V design. 

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

The Olkiluoto site, located on the coast of south-western Finland (Figure 1-2), has been 
investigated for over 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 with long-term safety 
functions 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. 
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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. 
 
 
 
 
 
 
 
 
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 is one of the main reports in the TURVA-2012 safety case portfolio (Figure 1-7). It 
identifies and describes those features, events and processes (FEPs) that are considered 
to be potentially significant to the long-term safety performance of the planned 
repository. This report explicitly addresses FEPs relevant to the KBS-3V reference 
design. There is a separate report detailing FEPs relevant to the KBS-3H (horizontal 
emplacement) design variant (Gribi et al. 2007).  

As described in Chapter 2, the primary purpose of this report is to support Formulation 
of Radionuclide Release Scenarios and Performance Assessment by ensuring that the 
scenarios are comprehensive and take account of all significant FEPs. 

The report has been structured to describe FEPs according to the main components of 
the disposal system in which they occur: 

Chapter 3  FEPs relevant to the spent nuclear fuel 

Chapter 4  FEPs relevant to the canister 

Chapter 5  FEPs relevant to the buffer 

Chapter 6  FEPs relevant to the tunnel backfill 

Chapter 7  FEPs relevant to the auxiliary components 

Chapter 8  FEPs relevant to the geosphere 

Chapter 9  FEPs relevant to the surface environment 

Chapter 10  FEPs external to the disposal system 

 

Each individual FEP is described using a standard template. The aim of the template is 
to summarise the nature of each FEP, set out the conditions under which it may occur 
and discuss the uncertainties in process understanding. The potential couplings between 
FEPs are also identified, but the analysis and results of these couplings are dealt with in 
Performance Assessment.  

urpulahti_helena
Text Box
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 Coordinator.
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This report is an update to the previous Posiva Process report (Miller & Marcos 2007). 
The name of the report has been changed explicitly to address features and events in 
addition to processes because of the increased scope of the contents, and to be 
consistent with best international practice and terminology (e.g. NEA 2004).  

This revised report takes account of review comments from STUK on the previous 
Process report, new knowledge from the research programme (Posiva 2009) and the 
requirements of the revised Safety Case Plan (Posiva 2008). These inputs have resulted 
in minor changes to the list of FEPs considered for the near field and geosphere 
components, with some renaming, aggregation and disaggregation of individual entries.  

A significant new chapter has been included regarding the Surface Environment 
component of the disposal system (Chapter 9). This chapter includes 42 FEPs that were 
not described in previous Posiva Process Reports. 

The description template has been modified from the previous report. Aspects such as 
the ‘importance’ of a FEP to repository performance are no longer addressed in this 
report and are, instead, discussed where appropriate in either Formulation of 
Radionuclide Release Scenarios, Performance Assessment, Assessment of Radionuclide 
Release Scenarios for the Repository System, or Biosphere Assessment.  

In addition to this report, Posiva is developing an electronic FEP Database that will 
summarise the information contained in this report, and which will be updated over time 
as new information becomes available. 
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2 THE APPLICATION OF FEPS TO THE SAFETY CASE 

2.1 Identification and screening of FEPs for potential significance 

Following international best practice, Posiva’s TURVA-2012 safety case is based on an 
analysis of a set of scenarios that, collectively, represent the envelope of likely future 
evolutions for a KBS-3V type disposal facility at Olkiluoto. As described in the 
following section, the definition and formulation of scenarios is supported by 
identification and consideration of all potentially relevant factors (the ‘features, events 
and processes’) that might occur, and that have the potential to control or otherwise 
influence the long-term safety under certain conditions. As such, the identification and 
screening of FEPs is usually an early activity when developing any safety case. 

The identification and screening of FEPs for this safety case was done in a structured 
manner using expert judgement. An initial long list of FEPs was derived from the 
previous Posiva Process Report (Miller & Marcos 2007), the NEA International FEP list 
(NEA 1999) plus its supporting project database (NEA 2006), together with various 
other relevant safety cases. In addition to using existing FEP lists, recent knowledge 
gained from Posiva’s R&D and site characterisation programmes was used to test 
whether any previously unrecognised FEPs could be identified (none were). The 
identified FEPs on the long list were then screened to determine their potential 
significance against the following qualitative criteria: 

 relevance to the KBS-3V type repository design for spent nuclear fuel disposal; 

 relevance to the present-day Olkiluoto site characteristics and likely future site 
characteristics evolving in response to climatic changes and other external factors; 

 relevance to the national regulatory requirements and guidelines; 

 previous experience in FEP screening and safety case development, noting that this 
is the fourth iteration of Posiva’s Process Report, following from Vieno & Nordman 
(1997), Rasilainen (2004) and Miller & Marcos (2007); 

 knowledge and information gaps identified during the course of Posiva’s and SKB’s 
ongoing RTD programmes;  

 the outcomes from previous safety cases for, and performance assessments of, the 
KBS-3V type repository design;  

 expert knowledge and awareness of other developing national and international 
RTD and safety case programmes; and 

 feedback from the regulatory agency (STUK) on previous safety case reports and 
Posiva’s RTD programme. 

Examples of FEPs that were excluded during the screening process are: 

 Spent nuclear fuel degradation due to high-pH waters (pH > 10): this FEP was 
excluded because expert judgement indicates that it is unlikely that significant 
quantities of high-pH leachate, generated by the chemical degradation of 
cementitious materials, will migrate through the buffer and come into contact with 
the spent nuclear fuel. Reaction between bentonite and high-pH waters is addressed, 
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however, because of the physical proximity of parts of the buffer [5.2.6] and 
backfill [6.2.5] to the cementitious plugs at the ends of the deposition tunnels.  

 Deliberate human intrusion: this FEP was excluded because it is assumed that, if an 
intrusion was done deliberately, appropriate measures would be taken to protect 
people and the environment.  

It is worth noting that most of the FEPs that were screened out in the process were also 
screened out in previous FEP analyses for TILA-96 (Vieno & Nordman 1997) and 
TILA-99 (Vieno & Nordman 1999). This report, therefore, contains descriptions only of 
those FEPs that passed screening and are considered potentially significant for the long-
term safety of the disposal facility. 

When identifying the potentially significant FEPs, expert judgement was also applied 
when deciding how to address coupled processes. For example, ‘water uptake by 
bentonite’ and ‘swelling of bentonite’ are two separate but connected processes. In this 
report, these two processes are addressed in a single FEP description [5.2.2] because 
they are so closely related that it is appropriate to address them as a single process. 

In other cases, closely connected processes have been described separately when it has 
been recognised that they may need to be addressed differently in the development of 
scenarios and in the performance assessment models. For example, ‘radioactive decay’ 
and ‘radiogenic heat generation’ are clearly very closely related processes but each has 
its own FEP description in this report [3.2.1 and 3.2.2]. 

In some cases, FEPs have been aggregated or disaggregated differently to what was 
done in the previous version of the Process Report (Miller & Marcos 2007). This is to 
reflect developing understanding of what processes are considered to be potentially 
significant. The individual FEP descriptions include the numerical reference to 
processes in the previous version of the report, for traceability. 

2.2 FEPs and the formulation of scenarios and calculation cases 

In Posiva’s safety case, scenarios represent either one time history of conditions (called 
a ‘line of evolution’) or more than one (‘lines of evolution’), where a line of evolution 
comprises: 

 climatic evolution, including future glacial cycles; 

 evolution of the geosphere and surface environment, including ground and surface 
waters; and 

 evolution of the engineered barrier system, including the auxiliary components. 

Full details of how the scenarios considered in the TURVA-2012 safety case were 
identified and constructed are provided in Formulation of Radionuclide Release 
Scenarios, and a concise summary of how FEPs were used in that process is given 
below. 

Following the Finnish regulatory guidelines given in Guide YVL D.5 (Draft 4), three 
‘top level’ types of scenario are adopted in the safety case when considering the 
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evolution of the repository over time: a base scenario, variant scenarios, and 
disturbance scenarios (Figure 2-1). The Appendix of the guide provides the definitions 
of these scenarios:  

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

 Variant scenarios: The influence of degraded performance of a single safety 
function or, in case of coupling between safety functions, the combined effects of 
degraded 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. 

Base, variant and disturbance scenarios are defined for the repository system and the 
surface environment. In Posiva’s safety concept, the surface environment is not 
considered to have either safety functions or performance targets, and is not considered 
to be part of the ‘repository system’, although the surface environment is obviously 
considered when evaluating compliance with regulatory dose criteria. For the sake of 
clarity, the term ‘disposal system’ is used when referring to the repository system 
together with the overlying surface environment. 

It is evident that the evolution of the disposal system will be affected by many different 
FEPs, giving rise to a range of scenarios that describe the potential future evolution of 
the disposal system, and the consequences of that evolution. In fact the scenarios are the 
result of the interplay between the initial state of the disposal system (see Description of 
the Disposal System), the FEPs affecting it, and assessments of the performance1 of the 
system over time (see Figure 2-2). Those FEPs considered to be potentially significant 
have been applied to the base, variant and disturbance scenarios. 

 

 

Figure 2-1. Scenario classification according to Guide YVL D.5 (Draft 4). 

                                                 

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

 
The formulation of scenarios takes into account the safety functions (Table 1-1) of the 
barriers of the repository system and the uncertainties in the FEPs that may affect the 
entire disposal system (i.e., the repository system plus the surface environment) from 
the emplacement of the first canister until the far future. Compliance with the 
performance targets/target properties (see Design Basis), providing assurance that the 
safety functions of the engineered and natural barriers will be achieved is shown in 
Performance Assessment. In that report, major uncertainties in the initial state of the 
barriers and the evolution of the repository system have been taken into account in the 
formulation of radionuclide release scenarios. The uncertainties involved in the 
evolution of the surface environment, and thus in the FEPs, are also taken into account 
in formulating the surface environment scenarios used ultimately in estimating radiation 
exposure. 

Posiva’s methodology for scenario formulation relating to the repository system thus 
follows a top-down approach to first identifying the safety functions, but complements 
this with consideration of the effects of single FEPs or combinations of FEPs to check 
that the scenarios are thorough and complete. The most important FEPs that may 
potentially affect the safety functions of the repository system during its evolution and, 
therefore, may also affect radionuclide mobility, are taken into account in the 
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assessment of the most likely lines of evolution described under the base scenario in 
Performance Assessment. 

The formulation of scenarios for the surface environment, however, takes a somewhat 
different approach from that for the repository system due to the fact that the surface 
environment has no safety functions. The scenario formulation for the surface 
environment is based on identifying FEPs that may affect the evolution of the entire 
surface environment, the fate of radionuclides in the surface environment, and the 
potential radiation exposure of humans, plants and animals. Climate evolution [10.2.1] 
is the overarching FEP that dominates the evolution of the surface environment and, 
consequently, impacts on the whole disposal system.  

2.3 The classification of FEPs 

Although it is common practice to discuss ‘features, events and processes,’ most FEP 
lists (including the NEA’s International FEP list) do not, in fact, explicitly distinguish 
between these three types of factors and broadly treat them all similarly. When 
processing FEPs in the safety case, however, and deciding how they are to be accounted 
for in the assessment process, it is sometimes important to make a distinction between 
different classes of FEPs. Within Posiva’s safety case, the following distinctions and 
definitions are used: 

 Feature: a component of the disposal system, or a parameter or characteristic that 
influences the behaviour of the component, such as temperature (e.g. of 
groundwater). 

 Process: a mechanism that causes a progressive change to the waste or disposal 
system that may have an impact over a short to long period of time. Processes may 
be conservative or non-conservative with regards to safety performance. Examples 
include radionuclide sorption and swelling of bentonite clay. 

 Event: a mechanism that causes a rapid change to the waste or disposal system over 
a relatively short period of time. This may be internal or external to the disposal 
system. Examples include rock faulting due to an earthquake or inadvertent human 
intrusion. 

Events can influence both features and processes, whereas features and processes can 
influence each other. In certain circumstances, processes may occasionally influence 
events, such as when the development of an ice sheet (glaciation) causes reactivation of 
existing fractures.  

The initial state of the repository can be described by a set of features that are dependent 
on the repository design and characteristics of the site. These features are discussed in 
Description of the Disposal System.  

The sets of features that describe the future states of the repository are the result of the 
operation of processes and the occurrence of events (Figure 2-3). It follows that features 
may be time dependent (and subject to uncertainty) and so are sometimes referred to as 
‘variables’ as was the case previously (Miller & Marcos 2007). 
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Figure 2-3. The main influences between features (F), events (E) and processes (P). 

 

In the safety case, the primary focus is largely on assessing the actions and 
consequences of processes that control the long-term safety performance of the 
repository. This is why the previous versions of this report were called ‘Process 
Reports’.  

In this report and in Posiva’s developing FEP database, the FEPs are further categorised 
as evolution-related FEPs (i.e. those that mostly affect the physical state of the disposal 
system) or migration-related FEPs (i.e. those that mostly affect the transport of 
radionuclides). There is not always a clear-cut separation, and some FEPs are 
categorised as both evolution and migration-related, but this simple distinction is useful 
to ensure that all relevant migration-related FEPs are considered when developing the 
transport models applied in the analyses of the release and transport of radionuclides. 
The behaviour of the disposal system in response to evolution-related FEPs is checked 
against performance targets and safety functions as part of the performance assessment. 

2.4 Organisation of FEPs and system components 

The FEPs have been organised according to the main components of the disposal 
system in which they occur, and this is reflected in the structure of the following 
chapters of this report. 

The full list of FEPs described in this report is given in Table 2-1 below. 

 
Table 2-1. The full FEP list. 

FEP 
number 

FEP name 

FEPs in the spent nuclear fuel: 

3.2.1  Radioactive decay (and in-growth) 

3.2.2  Heat generation  

3.2.3 Heat transfer 

3.2.4  Structural alteration of the fuel pellets  

3.2.5  Radiolysis of residual water (in an intact canister) 

3.2.6  Radiolysis of the canister water 
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FEP 
number 

FEP name 

3.2.7  Corrosion of cladding tubes and metallic parts of the fuel assembly 

3.2.8  Alteration and dissolution of the fuel matrix 

3.2.9  Release of the labile fraction of the inventory 

3.2.10  Production of helium gas 

3.2.11 Criticality 

3.3.1  Aqueous solubility and speciation 

3.3.2  Precipitation and co-precipitation 

3.3.3  Sorption 

3.3.4  Diffusion in fuel pellets 

FEPs in the canister: 

4.2.1  Radiation attenuation  

4.2.2  Heat transfer  

4.2.3  Deformation  

4.2.4  Thermal expansion of the canister 

4.2.5  Corrosion of the copper overpack 

4.2.6  Corrosion of the cast iron insert 

4.2.7  Stress corrosion cracking 

4.3.1 Aqueous solubility and speciation 

4.3.2  Precipitation and co-precipitation 

4.3.3  Sorption 

4.3.4 Diffusion 

4.3.5 Advection 

4.3.6 Colloid transport 

4.3.7 Gas transport 

FEPs in the buffer: 

5.2.1  Heat transfer 

5.2.2  Water uptake and swelling 

5.2.3  Piping and erosion 

5.2.4  Chemical erosion 

5.2.5  Radiolysis of porewater 

5.2.6  Montmorillonite transformation 

5.2.7  Alteration of accessory minerals  

5.2.8  Microbial activity 

5.2.9 Freezing and thawing 

5.3.1  Aqueous solubility and speciation 

5.3.2  Precipitation and co-precipitation 

5.3.3  Sorption 

5.3.4  Diffusion 

5.3.5  Advection 

5.3.6  Colloid transport 

5.3.7  Gas transport 

FEPs in the tunnel backfill: 

6.2.1  Heat transfer 
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FEP 
number 

FEP name 

6.2.2  Water uptake and swelling 

6.2.3  Piping and erosion 

6.2.4  Chemical erosion 

6.2.5  Montmorillonite transformation 

6.2.6  Alteration of accessory minerals  

6.2.7  Microbial activity 

6.2.8  Freezing and thawing 

6.3.1  Aqueous solubility and speciation 

6.3.2  Precipitation and co-precipitation 

6.3.3  Sorption 

6.3.4  Diffusion 

6.3.5  Advection 

6.3.6  Colloid transport 

6.3.7  Gas transport 

FEPs in the auxiliary components: 

7.2.1  Chemical degradation  

7.2.2  Physical degradation 

7.2.3  Freezing and thawing 

7.3.1  Transport through auxiliary components 

FEPs in the geosphere: 

8.2.1  Heat transfer 

8.2.2  Stress redistribution  

8.2.3  Reactivation-displacements along existing fractures 

8.2.4  Spalling  

8.2.5  Creep 

8.2.6  Erosion and sedimentation in fractures 

8.2.7  Rock-water interaction 

8.2.8  Methane hydrate formation 

8.2.9  Salt exclusion 

8.2.10  Microbial activity 

8.3.1  Aqueous solubility and speciation 

8.3.2  Precipitation and co-precipitation 

8.3.3  Sorption 

8.3.4  Diffusion and matrix diffusion 

8.3.5  Groundwater flow and advective transport 

8.3.6  Colloid transport 

8.3.7 Gas transport 

FEPs in the surface environment: 

9.2.1 Erosion 

9.2.2 Degradation 

9.2.3 Podzolisation 

9.2.4 Agriculture and aquaculture 

9.2.5 Forest and peatland management 
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FEP 
number 

FEP name 

9.2.6 Infiltration 

9.2.7 Groundwater discharge and recharge 

9.2.8 Runoff 

9.2.9 Drainage 

9.2.10 Capillary rise 

9.2.11 Uptake 

9.2.12 Evapotranspiration 

9.2.13 Translocation 

9.2.14 Litterfall 

9.2.15 Bioturbation 

9.2.16 Migration of fauna 

9.2.17 Senescence 

9.2.18 Atmospheric deposition 

9.2.19 Atmospheric resuspension 

9.2.20 Diffusion 

9.2.21 Sorption 

9.2.22 Gas origin and implications  

9.2.23 Ingestion of food 

9.2.24 Inhalation of air 

9.2.25 Respiration   

9.2.26 External radiation from the ground 

9.2.27 Exposure from radiation sources 

9.2.28 Topography 

9.2.29 Well 

9.2.30 Construction of a well 

9.2.31 Food source potential 

9.2.32 Dietary profile 

9.2.33 Demographics 

9.2.34 Exposed population 

9.3.1 Terrestrialisation 

9.3.2 Advection 

9.3.3 Dispersion 

9.3.4 Water exchange 

9.3.5 Sedimentation and resuspension 

9.3.6 Ingestion of drinking water 

9.3.7 Flooding  

9.3.8 Water source potential 

FEPs external to the disposal system: 

10.2.1 Climate evolution 

10.2.2 Glaciation 

10.2.3 Permafrost formation 

10.2.4 Land uplift and depression 

10.2.5 Inadvertent human intrusion 



38 

 

 

The entire disposal system with its main components can be represented in a matrix 
format, as is shown in Table 2-2. The structure of this matrix reflects the order in which 
FEPs are described in this report, starting with FEPs relevant to spent nuclear fuel 
(Chapter 3) and ending with the external FEPs (Chapter 10). 

Each main component of the repository system can be further divided into sub-
components. For example, the canister is comprised of four separate parts: 

 the cast iron insert, 

 the copper overpack, 

 the void spaces within the canister that are initially gas or air filled, and 

 the canister water that will fill the voids, if the canister subsequently fails. 

 

Table 2-2. The high-level matrix of system components associated with the FEPs 
described in later sections of this report. 
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2.5 FEP couplings and interactions between system components 

2.5.1 Couplings between individual FEPs 

Due to the complex and dynamic nature of the disposal system, many of the FEPs 
described in this report are coupled with each other through various thermal, hydraulic, 
mechanical, chemical and biological (THMCB) mechanisms. For example, within the 
buffer, the transfer of heat [5.2.1] will affect the rate of water uptake and swelling 
during resaturation [5.2.2] and this, in turn, can affect such things as microbial activity 
[5.2.8] and the rates of gas transport through the buffer [5.3.7]. 

The potential couplings between FEPs are identified and listed in each FEP description, 
and are also summarised in a table at the beginning of each chapter for the respective 
disposal system component (e.g. Tables 3-3, 4-3, 5-3 etc). 

The consequences of the potential couplings between FEPs are not, however, assessed 
or described in this report, but are dealt with in Performance Assessment, where 
appropriate. 

2.5.2 Component interactions 

The different components of the disposal system can interact with each other through 
the action of certain FEPs. Many of these interactions are obvious and inevitable, such 
as heat transfer through the canister [4.2.2] will cause heat transfer to occur in the 
surrounding buffer [5.2.1]. Other interactions are less obvious, and their occurrence and 
consequence is dependent on certain other FEPs and their rates. For example, 
groundwater flow and advective transport in the geosphere [8.3.5] may lead to chemical 
erosion of swelling clays in the tunnel backfill [6.2.4] depending on, amongst other 
things, the groundwater composition and flow rate in the hydraulically active fractures.  

Typically such interactions occur between physically adjacent components of the 
disposal system but some interactions are possible that ‘short circuit’ the system. For 
example, inadvertent human intrusion [10.2.5] due to deep borehole drilling from the 
surface [10.2.5], if it were to occur, may directly affect the geosphere, buffer, canister or 
even the spent nuclear fuel, depending on the depth and location of the borehole. 

It is possible to summarise the potential interactions between system components and 
sub-components using the interaction matrix format. An interaction matrix (e.g. Hudson 
1992, Haapanen et al. 2009 and Section 10) is a compact approach to systematically 
describe features and their interactions or other relationships between them. The general 
principles of the interaction matrix are presented as an example in Table 2-3. The same 
system can be presented with a box-and-arrow diagram shown on the right side of Table 
2-3, but for large systems with many interactions, the matrix presentation is usually 
clearer and more compact. The system is divided into components that are listed along 
the leading diagonal of the matrix, referred to as diagonal elements below. FEPs (mostly 
processes but sometimes events) that relate the diagonal elements, interactions, are 
entered in the off-diagonal elements. The matrix is read in a clockwise sense so that 
FEPs by which Component 1 affects Component 2 are located in the crossing of the row 
of the component of the origin and the column of the receiving component (the off- 
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Table 2-3. Conceptual illustration of the interaction matrix. The diagonal elements 1, 2 
and 3 are system components. The off-diagonal elements (white boxes) are populated 
with zero, one or more FEPs. The arrows illustrates e.g. how Component 1 affects 
Component 2 via a FEP A, how Component 2 affects Component 1 via a FEP B and 
how Component 2 affects Component 3 via a FEP C. On the right, a similar system is 
represented by a box-and-arrow diagram. 

 

 
diagonal element denoted A in Table 2-3). Respectively, FEPs by which Component 2 
affects Component 1 are located in the crossing of the row of the component of the 
origin and the column of the receiving component (the off-diagonal element denoted B 
in Table 2-3). It is important to ensure that the effects of FEPs are direct and are not 
mediated by interactions via a third component (diagonal element). 

In this report, the features shown on the leading diagonal elements of the interaction 
matrix correspond to components and sub-components of the disposal system. For the 
interactions between them, in the off-diagonal elements in the matrix, FEPs are 
presented. An interaction matrix is provided at the beginning of each chapter, except 
Chapter 10, that summarises the potential interactions for the component being 
discussed, and other components in the disposal system (e.g. Tables 3-4, 4-4, 5-4 etc.). 
No interaction matrix is provided in the chapter for external features, events and 
processes (Chapter 10); this since this chapter is not addressing a certain physical 
component of the disposal system. However, all external features, events and processes 
are included in the interaction matrices for the system components. 

2.6 The FEP description template 

The aim of the FEP descriptions is to provide a concise summary of the current 
understanding of each FEP and its associated uncertainties, and to set out when and 
where it may occur in the disposal system, how it is coupled to other FEPs, and the 
likely consequences of its operation. The descriptions are not intended to define how the 
FEP is treated in the TURVA-2012 safety case. All FEPs in this report are described 
using a common template with the following components: 

Name and number: a unique name and number are given to each FEP. The same name 
and numbers are also used in Posiva’s developing FEP database. 

Compo-
nent 1

Compo-
nent 2

Compo-
nent 3

0 1 2

0
Compo-
nent 1 A 0

1 B Compo-
nent 2 C 1

2
Compo-
nent 3

2

0 1 2

AB

C
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Type: indicates whether the FEP is a feature, process or event. 

Class: whether the FEP is system evolution related or migration related, or both. 

General description: this is a concise description of the FEP and its consequences for 
system evolution and safety, covering: 

 current fundamental scientific understanding, 

 any relevant properties, conditions and constraints that affect its operation, 

 the likely temporal and spatial variability of its operation, 

 the conditions under which it may be expected to occur at Olkiluoto, and 

 when in the evolution of the disposal system it is expected to occur. 

 
Reference is made to evidence for the FEP from R&D studies in the field or laboratory. 
Where possible, quantities are given to illustrate the ‘magnitude’ of the FEP (e.g. 
process rates) but these are not intended to define the actual parameter values or ranges 
used in the safety case: these are defined in Models and Data for the Repository System 
and Biosphere Data Basis. 

Uncertainties in the understanding of the FEP: this is a short discussion about any 
uncertainties in conceptual understanding and gaps in knowledge, but generally not 
about uncertainties in data or modelling approaches. These are defined in Models and 
Data for the Repository System and Biosphere Data Basis. 

Couplings to other FEPs: this section lists which other FEPs potentially affect, or are 
affected by, the FEP being described. The details of how the FEP interacts with other 
FEPs, and under what conditions and with what consequences, are discussed in 
Performance Assessment and Biosphere Assessment. 

References and bibliography: provides a small number of key references to the main 
scientific literature and any relevant Posiva reports, particularly any recent summary 
reports on the FEP. This is not intended to be a comprehensive bibliography but is a 
‘signpost’ to the relevant literature for readers that require further information. The list, 
therefore, includes both the references given in the text plus other literature not 
explicitly mentioned in the FEP description. 
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3 SPENT NUCLEAR FUEL 

3.1 Description  

At the time of discharge from the reactor, spent nuclear fuel contains, in addition to UO2 
in the pellet matrix, fission products and actinides, as well as activation products formed 
in the cladding and other metallic parts of the fuel assembly. Most of the fission 
products and actinides/lanthanides are retained in the fuel matrix. However, some of the 
fission products can be volatile at reactor operating temperatures, and migrate during 
reactor operation to the fuel/cladding gap or within cracks in the fuel pellets. Other 
fission products can migrate to grain boundaries, and reside there in fission gas bubbles, 
or separate into solid phases such as metallic epsilon () particles (Mo, Ru, Rh, Pd, Tc). 

Therefore, the ‘spent nuclear fuel’ can be divided into a number of physical sub-
components: 

 the spent nuclear fuel matrix itself, which is in the form of fuel pellets of UO2 
(uranium dioxide) containing actinides, fission products, and nuclides generated by 
decay and in-growth; 

 the gaps (such as cracks in the fuel pellets and between the pellet and the cladding) 
which contain the most volatile and mobile fraction of the radionuclide inventory 
(referred to as the labile fraction); 

 the zirconium alloy cladding tubes that contain the fuel pellets within individual 
fuel rods, together with the other zirconium alloy components in the fuel assembly 
(e.g. end caps); and 

 the other metallic structural parts of the fuel assembly, such as upper and lower 
tie-plates, spacer grid, channel nose piece etc. which are fabricated from stainless 
steel, nickel-based alloys or iron-based alloys.  

If the canister fails after its emplacement in the repository, groundwater will penetrate 
the canister and corrode the insert and the cladding, and will eventually interact with the 
spent nuclear fuel. This water in the canister is referred to as canister water to indicate 
groundwater that will first equilibrate with the bentonite buffer and later with the 
corrosion products from the cast iron insert. In addition, secondary alteration products 
may subsequently form on the surface of the spent nuclear fuel due to reaction with the 
canister water. 

Different designs and geometries of fuel assemblies (Figure 3-1) are used in each of the 
reactor types operating in Finland, and these are described in a separate report (Anttila 
2005). The currently operating reactors at Olkiluoto (OL1 and OL2) are boiling water 
reactors (BWR), the Loviisa reactors (LO1 and LO2) are Russian designed-pressurised 
water reactors (VVER-440) and the third reactor in construction at Olkiluoto (OL3) is a 
Pressurised Water Reactor (PWR). The design of a possible fourth reactor at Olkiluoto 
(OL4) has not yet been decided. The number of fuel assemblies of each type is 
summarised in Table 3-1. The currently estimated total amount of fuel is 9000 tU which 
will be disposed of in approximately 4500 canisters; this includes the estimated spent 
nuclear fuel from OL4 (Design Basis). 
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Figure 3-1. Generic picture of a spent nuclear fuel assembly from OL1 and OL2 
(Posiva Oy). 

 

Table 3-1. Details of forecast fuel accumulations at the OL and LO plant units. OL4 is 
estimated according to OL3 type fuel and capacity. Values in parentheses are 
preliminary estimates depending on the future OL4. Predictions made in 2011. From 
Canister Production Line. 

 OL1–2 OL3 OL4 LO1–2 Total 

Planned operating life (a) 60 60 60 50 - 

Predicted number of 
assemblies  

14,034 3816 3781 7752 29,383 

Average discharge burn-
up of all assemblies 
(MWd/kgU) 

39.5 45.0 (45.2) 40.6 (42.7) 

Numbers of canisters 1170 954 946 646 3716 

Predicted tonnage (tU) 2460 2030 2023 950 7463 

Dimensioning number of 
canisters 

1400 1175 1175 750 4500 

Dimensioning tonnage (tU) 2950 2500 2500 1050 9000 

 

Once removed from the reactors, spent nuclear fuel assemblies are stored and actively 
cooled to disperse their decay heat. The Olkiluoto and the Loviisa nuclear power plants 
began operations between 1977 and 1980, and the spent nuclear fuel generated at them 
is stored underwater at the plant sites in water ponds. The spent nuclear fuel from the 
Loviisa power plant was returned to Russia up until 1996, after which time it has been 
stored at Loviisa pending disposal. 

Once the initial decay heat has dissipated, it is planned to encapsulate the fuel 
assemblies in canisters prior to disposal in the repository. The design of the canisters 
and the encapsulation process is described in Chapter 4. The minimum cooling time for 
spent nuclear fuel assemblies is about 30 years, for fuel with a typical burn-up of 
40 MWd/kgU, as shown in Figure 3-2. The average cooling time until encapsulation 
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Figure 3-2. Average minimum cooling times of the Finnish spent nuclear fuel types, 
based on the allowable canister heat load limit required for encapsulation and as a 
function of discharge burn-up (Raiko 2012). “EPR” refers to the PWR fuel from OL3. 

 

will, however, be longer (about 50 years) because no encapsulation of spent nuclear fuel 
has yet taken place. 

The initial state of the spent nuclear fuel at the time of disposal is defined by the 
characteristics of the fuel (fuel type, structure, enrichment distribution, amount of 
burnable poison etc.) and its operational history. Nearly all other parameters can be 
obtained to the required degree of accuracy by calculations, such as the radionuclide 
inventory (including the radionuclide distribution in the fuel assembly), radiation 
intensity, decay heat, mechanical stresses in the fuel rods, as well as gas composition 
inside the fuel rods. Average irradiation history and geometrical parameters are used to 
carry out radionuclide inventory calculations. Obaidurrahman & Gupta (2013) carried 
out a comparative assessment of total core inventory using core average parameters and 
space-dependent single point calculations. They showed that using core average 
parameters to estimate the radionuclide inventory provides conservative values in spite 
of the known dependence of radionuclide inventory on power and burnup. This is likely 
due to arithmetic averaging for the different conditions of the fuel rods in the core. 

After fuel discharge from the reactor, the radionuclide inventory will continue to evolve 
during cooling in the spent fuel pool due to radioactive decay and in-growth. Figure 3-3 
shows the typical reduction in activity over time. Anttila (2005) calculated the initial 
radionuclide inventory at the time of discharge and at 8 cooling times. The average fuel 
characteristics have changed since 2005 only as a result of a limited increase in the 
average discharge burn-up; hence the radionuclide inventories and fuel characteristics 
are still adequately described in Anttila (2005).  
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Some of the fuel rods may contain some water (referred to as ‘residual water’) at the 
time of encapsulation. These are fuel rods that have leaked during reactor operation and 
therefore they contain erated cooling pool water. Based on over 30 years of operational 
experience at the Olkiluoto nuclear power plant, there have been about 58 failed rods 
for OL1/OL2 and LO1/LO2 combined (Rossi & Suolanen 2012, Section 5.1). It is 
estimated that there will be an additional 73 leaking fuel rods from OL1/OL2, LO1/LO2 
and OL3/OL4 throughout the encapsulation time (Rossi & Suolanen 2012, Section 5.1). 
This corresponds to approximately 131 leaking fuel rods to encapsulate over the 
operational lifetime of the repository. To date, no fuel failure during the normal 
operation of interim storage pools has been reported. The oldest fuel in Finland has been 
stored under water for over 30 years. It is thus expected that no additional leaking fuel 
rods will be produced before encapsulation. So far all OL1/OL2 failed rods have been 
removed from the bundles prior to cooling and are stored in hermetically sealed 
capsules. The final plan for handling these capsules has not yet been drafted. The failed 
rods in LO1/LO2 have not been removed from the fuel bundles. The plan is to dispose 
of these bundles as they are.  

The residual water volume in a leaking fuel rod is estimated based on the plenum (i.e. 
the gas volume of an intact rod). For design and long-term safety assessment purposes, 
it is pessimistically assumed that the plenum in a fuel rod is 50 cm3 and it is assumed 
that there are 12 failed fuel rods in each canister (this would correspond to a total of 
54,000 failed rods for 4500 canisters at Olkiluoto). Thus, the amount of residual water 
used in long-term safety related calculations for all canister types is 600 g. The actual 
amount of residual water in a canister is expected to be much less. First, the expected 
number of leaking fuel rods is over 2 orders of magnitude lower than the assumed 
number. Second, the plenum for OL1/OL2/OL3 and LO1/LO2 fuel rods is less than 
50 cm3. And last, prior to encapsulation, the fuel assemblies will be dried in a drying 
unit using a combination of spent fuel residual heat and low pressurevacuum. The void 
spaces in the canister will then be purged with argon to displace water and water vapour 
(Raiko 2012). Thus, the atmosphere inside the canister in presence of leaking fuel rods 
will be a mixture of argon, air and water vapour.  It is pessimistically assumed that the 
atmosphere in the canisters will be composed of humid air (maximum 10 %) and argon 
gas (minimum 90 %). 

3.1.1 Long-term safety and performance 

No safety function is attributed to the fuel pellets, the cladding tubes or other parts of 
the fuel assembly. The intrinsically slow release of radionuclides from the spent nuclear 
fuel matrix is, however, part of Posiva’s safety concept. Most radionuclides in the spent 
nuclear fuel are embedded in a ceramic matrix (UO2) that is resistant to dissolution 
under the conditions expected in the repository near field. Moreover, these conditions 
also contribute to slow release of radionuclides from the fuel matrix. The fuel pellets 
and the fuel assembly are expected to remain inert until the canister is breached and 
groundwater penetrates into the void space. Upon contact with groundwater, 
radionuclide release rates will be limited by a number of secondary characteristics, 
including: 
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Figure 3-3. Spent nuclear fuel from the three different reactor types, and their activity 
over time after unloading from the reactor. The enrichment for each fuel type is 4.0 %. 
The burn-up is 40 MWd/kgU for each type apart from OL3 (“EPR”) fuel which is 60 
MWd/kgU (yellow curve), showing the impact of the higher burn-up (Anttila 2005).  

 
 slow corrosion of the inert zirconium alloy cladding tubes; 

 very slow dissolution rates of the UO2 fuel matrix;  

 low solubility of most radionuclide species; and  

 slow rates of water movement into and out of the canister. 

The labile fraction of the radionuclide inventory that will have migrated to the gaps, 
cracks and grain boundaries of the fuel is assumed to be released immediately at the 
time of canister failure.  

3.1.2 Overview of the potentially significant FEPs 

There are a number of processes and events that are considered to be potentially 
significant for the long-term safety performance of the spent nuclear fuel that relate to 
system evolution and to the migration of radionuclides and other substances.  

Processes and events related to system evolution are: 

3.2.1  Radioactive decay (and in-growth) 

3.2.2  Heat generation  

3.2.3  Heat transfer 

3.2.4  Structural alteration of the fuel pellets 
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3.2.5  Radiolysis of residual water (in an intact canister) 

3.2.6  Radiolysis of the canister water 

3.2.7  Corrosion of cladding tubes and metallic parts of the fuel assembly 

3.2.8  Alteration and dissolution of the fuel matrix 

3.2.9  Release of the labile fraction of the inventory 

3.2.10  Production of helium gas 

3.2.11  Criticality 

Processes related to the migration of radionuclides and other substances are: 

3.3.1  Aqueous solubility and speciation 

3.3.2  Precipitation and co-precipitation 

3.3.3  Sorption 

3.3.4  Diffusion in fuel pellets 

Other migration processes such as advection, colloid transport and gas transport cannot 
occur within the spent nuclear fuel matrix itself, but can occur elsewhere in the 
repository system, including the void spaces in the canister, and so these processes are 
discussed in other sections of this report, where they are relevant. 

These processes and events are each potentially affected by a number of features of the 
repository system that can influence the occurrence, rate, activity and potential 
couplings between the processes. These features relate either to aspects of the design of 
the repository or to parameters (characteristics) of the spent nuclear fuel that might be 
time-dependent during the repository lifetime. The most significant features are: 

 Radionuclide inventory 

 Temperature 

 Pressure 

 Fuel geometry 

 Mechanical stresses 

 Material composition 

 Water composition 

 Gas composition. 

The possible influences of these features on the processes and events considered to be 
significant for the long-term safety of the spent nuclear fuel are described in each FEP 
description, and are summarised in Table 3-2.  

Many of the processes occurring within the spent nuclear fuel are interdependent and 
directly coupled to each other. For example, structural alteration of the fuel pellets 
[3.2.4] will directly affect the release of the labile fraction of the inventory [3.2.9]. The 
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direct couplings are listed in each FEP description, and are summarised in the matrix 
shown in Table 3-3.  

Similarly, due to the complex interactions between the various parts of the disposal 
system, the evolution of the spent nuclear fuel can influence (or be influenced by) 
processes occurring in other parts of the system through interactions between various 
processes. For example, heat transfer in the spent nuclear fuel [3.2.3] will drive heat 
transfer in the canister [4.2.2]. An example of a possible interaction between the spent 
nuclear fuel and the surface environment is given by the inadvertent human intrusion 
event [10.2.5], which involves drilling from the Earth’s surface into the spent nuclear 
fuel. The interactions between the spent nuclear fuel and other components of the 
disposal system are summarised in Table 3-4.  
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Table 3-2. Possible influences of features of the disposal system on the processes and events considered to be potentially significant (if they 
occur) for the long-term performance of the spent nuclear fuel (marked with Y). These influences and couplings are discussed in more 
detail in each FEP description.  
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Processes and events related to system evolution: 

3.2.1  Radioactive decay (and in-growth) Y   

3.2.2  Heat generation  Y  Y  

3.2.3  Heat transfer Y  Y Y  

3.2.4  Structural alteration of the fuel pellets Y Y Y  

3.2.5  Radiolysis of residual water (in an intact canister) Y Y Y Y Y 

3.2.6  Radiolysis of the canister water Y Y Y Y  

3.2.7  Corrosion of cladding tubes and metallic parts of the fuel assembly Y Y Y Y Y  

3.2.8  Alteration and dissolution of the fuel matrix Y Y Y Y Y Y 

3.2.9  Release of the labile fraction of the inventory Y Y Y  

3.2.10  Production of helium gas Y Y Y  

3.2.11  Criticality Y  Y Y Y  

Processes related to the migration of radionuclides and other substances:        

3.3.1  Aqueous solubility and speciation Y Y Y Y Y  

3.3.2  Precipitation and co-precipitation Y Y Y Y Y  

3.3.3  Sorption Y Y Y Y  

3.3.4  Diffusion in fuel pellets Y Y Y  
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Table 3-3. Possible couplings between FEPs within the spent nuclear fuel considered significant for the long-term performance of the 
disposal system. The numbers on the leading diagonal refer to the FEPs listed in Section 3.1.2. As an example of how to read this table, the 
blue coloured square means that “Structural alteration of the fuel pellets” [3.2.4] directly affects “Release of the labile fraction of the 
inventory” [3.2.9]. 

3.2.1 X   X X   X X X X X X X 

 
 

3.2.2 X X            

  3.2.3 X X X X X X   X X  X 

 
 

  3.2.4    X X      X 

 
 

   3.2.5  X         

 
 

    3.2.6 X X    X X   

 
 

     3.2.7 X X  X X X X  

 
 

      3.2.8   X X X X X 

 
 

       3.2.9       

 
 

  X     X 3.2.10      

X X         3.2.11     

 
 

       X   3.3.1 X X X 

 
 

          X 3.3.2 X X 

 
 

          X X 3.3.3 X 

 
 

      X X X     3.3.4 
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Table 3-4. Interaction matrix for the spent nuclear fuel. FEPs in italics are addressed in other chapters. A short name for some of the FEPs 
is used in the table: IRF (Release of the labile fraction of the inventory), Precipitation (Precipitation and co-precipitation). 
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3.2 System evolution FEPs 

Various radiation, thermal, chemical and mechanical processes (and their couplings) 
will affect the evolution of the fuel pellets, the cladding tubes, and other parts of the fuel 
assembly within the canister. In turn, these processes can affect the stability of the spent 
nuclear fuel and lead to release of radionuclides, and the migration of radionuclides and 
other substances through and from the fuel to the water within the canister (Section 3.3). 
The following descriptions summarise each of these processes and the effects of the 
different variables on them. 

3.2.1 Radioactive decay (and in-growth) 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 3.2.1 

General description: 

Radioactive decay is a fundamental process that affects all radioactive (unstable) 
nuclides. During decay, an unstable ‘parent’ nuclide undergoes spontaneous 
transformation releasing radiant energy and particles, causing the formation of a new 
‘daughter’ nuclide. The daughter is often (but not always) a nuclide of a different 
element to the parent, in which case the decay process is called transmutation. The 
radioactive decay and transmutation process will continue until a nuclide is formed that 
has a stable nucleus and is not radioactive. 

The rate at which radioactive decay occurs is nuclide specific and is defined by the half-
life for the particular nuclide. The half-life is independent of all other physico-chemical 
parameters (such as redox, temperature, pressure etc). If the half-life of the daughter 
nuclide is longer than that of the parent, or the daughter is stable, it will accumulate over 
time and this process is called in-growth. The half-lives for most radionuclides are 
known with a high degree of certainty (DDEP 2011). 

As a consequence of radioactive decay and in-growth, the radionuclide content 
(inventory) of the waste will change over time, both in the spent nuclear fuel and in any 
other parts of the repository to which radionuclides have migrated. Due to the inherent 
predictability of radioactive decay, the time dependent change in inventory can be 
accurately calculated. 

Radioactive decay and in-growth will cause α, β, γ and neutron radiation, and will be 
accompanied by radiogenic heat generation [3.2.2]. The radiation emitted is the primary 
reason why such care has to be taken for the disposal of spent nuclear fuel but, over 
time, the potential hazard posed by the fuel will reduce as a consequence of decay. After 
around 100,000 years, the fuel will have a radiotoxicity content broadly comparable to 
that of a natural uranium ore, although the radionuclide nature and activity inventory 
will be different (Pastina & Hellä 2006).  

The bulk rate of decay in the spent nuclear fuel (Bq/kg) and the resulting radiation fields 
are dependent on the initial radionuclide content which, in turn, depends on the burn-up 
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history of the fuel in the reactor and the storage time before disposal. The decay power 
estimates for spent nuclear fuel planned to be disposed in the repository were updated in 
2005 taking into account new maximum allowable burn-up and operational conditions 
in the Finnish nuclear power plants (Anttila 2005).  

The decay radiation will interact with the materials in the fuel and the canister cavity. 
The α and β radiation has limited penetration and most of this radiation remains in, and 
is attenuated by, the fuel itself. The γ and neutron radiation has greater penetration and 
can reach and be attenuated by the canister [4.2.1]. Alpha decay also produces helium 
gas which could, in principle, affect the mechanical stability of the fuel matrix [3.2.4].  

Soon after disposal, the decay of short-lived radionuclides such as Cs-137 and Sr-90 
will dominate the radiation field. These nuclides have half-lives of around 30 years and, 
consequently, will decay to insignificant amounts long before the copper canister is 
expected to fail in around 100,000 years. The radionuclides of most concern for 
repository safety are the longer-lived nuclides and their daughters (e.g. Th-229, Th-230, 
Ra-226) that will be present in the spent nuclear fuel after canister failure and, thus, may 
migrate away from the near field towards the accessible environment. The abundances 
of these safety relevant radionuclides are taken into account in the radionuclide 
transport model (Models and Data for the Repository System). 

Naturally occurring radioactive substances are common in nature (e.g. uranium ore) and 
have been studied as analogues to the behaviour of spent nuclear fuel, although no 
natural materials contain measurable amounts of the short-lived fission products found 
in spent nuclear fuel (Miller et al. 2000).  

Radioactive decay and in-growth is influenced only by the following feature of the 
repository system. 

 Initial radionuclide inventory: because the inventory at the time of disposal controls 
the time-dependent evolution of the radionuclide content during repository 
evolution. 

Uncertainties in the understanding of the FEP: 

There are no uncertainties in the understanding of radioactive decay and the in-growth 
of daughter products. Uncertainties derive in the input data used to calculate the 
inventory evolution as a function of time. Radioactive decay as a function of time can 
be calculated with great accuracy when the initial radionuclide content is known. This 
depends on the fuel characteristics and irradiation history, which are recorded and 
known with sufficient precision for long-term safety purposes. The total uncertainty in 
the calculated actinide inventories is estimated to be about 20 % and the total 
uncertainty in fission product inventories is about 12 % (Håkansson 1999, p. 18).  

The half-lives of the relevant radionuclides are generally known with good accuracy. 
The international Decay Data Evaluation Project has the objective of reviewing and 
updating decay data (DDEP 2011). The most significant recent change concerns the half 
life of Se-79 which has been updated to 3.27·105 years. For other radionuclides, the 
evaluations published by the Decay Data Evaluation Project will be used when 
available. Uncertainties concerning the inventory at deposition and the half-lives are 
discussed further in Models and Data for the Repository System. 
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Couplings to other FEPs: 

Radioactive decay and in-growth is directly affected by the following FEP: 

 Criticality (if it were to occur) [3.2.11] 

Radioactive decay and in-growth directly affects the radionuclide inventory in all 
repository compartments (solid, aqueous and gaseous) plus the following FEPs: 

 Heat generation [3.2.2] 
 Radiolysis of residual water (in an intact canister) [3.2.5] 
 Radiolysis of the canister water [3.2.6] 
 Release of the labile fraction of the inventory [3.2.9] 
 Production of helium gas [3.2.10] 
 Criticality (if it were to occur) [3.2.11] 
 Aqueous solubility and speciation [3.3.1] 
 Precipitation and co-precipitation [3.3.2] 
 Sorption [3.3.3] 
 Diffusion in fuel pellets [3.3.4] 
 Radiation attenuation (by the copper canister) [4.2.1] 
 Radiolysis of porewater [5.2.5] 
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3.2.2 Heat generation  

Type: Class: 

Process System evolution 
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Alternative names: Number in 2007-12: 

Radiogenic heat generation 3.2.2 

General description:  

Radioactive decay of nuclides such as Co-60, Sr-90, Cs-137, Am-241, Pu-239 and 
Pu-240 will generate heat in the spent nuclear fuel. Most of the heat generated is due to 
attenuation of radiation by the fuel matrix and by the metallic components of the fuel 
assembly. This attenuation occurs locally in the fuel assembly for the alpha and beta 
radiation but is more widely distributed throughout the canister for the gamma and 
neutron radiation. 

Heat generation from radiation attenuation is a function of the decay rate and the 
composition of the fuel assembly materials. Heat generation by attenuation will be 
dominated by short-lived beta and gamma emitters such as Cs-137 (Ba-137m) and Sr-90 
(Y-90). These nuclides will have decayed to insignificant amounts within around 
1000 years and, consequently, longer-term heat generation will be due entirely to long-
lived alpha emitters (e.g. Am-241, Pu-239, Pu-240) which generate less decay heat. 

The rate of heat generation due to decay and attenuation, and the resulting temperature 
in the spent nuclear fuel has been calculated (Ikonen 2006). The peak temperature in the 
fuel will be around 200 °C and will occur shortly after disposal, corresponding to the 
highest rate of decay. 

Heat generated in the spent nuclear fuel will be transferred to the canister by different 
thermal processes [3.2.3], depending on whether the canister remains intact or has 
failed. 

Overall, heat generation in the spent nuclear fuel is influenced by the following features 
of the repository system. 

Radionuclide inventory: principal control on the rate of radiogenic heat generation over 
time. 

Material composition: because the composition of the spent nuclear fuel controls its 
thermal conductivity and heat generation due to attenuation. 

Uncertainties in the understanding of the FEP: 

In general, the uncertainties associated with radiogenic heat generation in the spent 
nuclear fuel are low because the fuel characteristics are well known and the heat 
generation processes are readily modelled using thermal codes. The actual heat output 
from each fuel assembly is planned to be measured and verified prior to encapsulation, 
which will further reduce parameter uncertainty. 

Couplings to other FEPs: 

Heat generation in the spent nuclear fuel is directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
 Criticality (if it were to occur) [3.2.11] 
 Radiation attenuation (in the copper canister) [4.2.1] 

Heat generation in the spent nuclear fuel directly affects the following FEPs: 

 Heat transfer [3.2.3] 
 Structural alteration of the fuel pellets [3.2.4] 
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3.2.3 Heat transfer 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 3.2.2 

General description: 

Heat generated in the spent nuclear fuel by decay and attenuation of radiation [3.2.2] 
will be transferred between the subcomponents of the spent nuclear fuel and the fuel 
assembly, and to the canister by a variety of processes, depending on whether the 
canister remains intact or has failed. 

In an intact canister, heat will be transferred across the annulus between the fuel and the 
cladding tubes largely by thermal radiation, and between and across metallic 
components of the fuel assembly and the cast iron insert by a combination of thermal 
radiation and conduction depending on the gas composition and pressure in the cavity 
and the radiation properties of the metal surfaces (emissivity).  

After canister failure, heat transfer may also take place by advection and convection of 
any water that penetrates into the cavity of the canister. 

The temperature at any given time in the spent nuclear fuel will be controlled by the 
heat balance between heat generation within the fuel (input) and the transfer of heat 
(output) across the canister [4.2.2] to the bentonite buffer [5.2.1]. The temperature of the 
spent nuclear fuel is important because the rates of many processes that directly affect it 
are temperature dependent, such as alteration and dissolution [3.2.8]. 

The rates of heat transfer in the spent nuclear fuel, cavity and canister metal have been 
calculated (Ikonen 2006). Within the fuel pellets, conductive heat transfer will dominate 
and will limit the maximum temperature in the spent nuclear fuel to between 200 °C and 
250 °C provided that the copper canister is intact and that the outer surface temperature 
of the canister does not exceed 100 °C.  

If water is present in the void spaces of the canister (either as spent nuclear fuel cooling 
pool water in perforated cladding tubes or due to early canister failure), the overall 
thermal conductivity across the canister will be significantly increased, and the 
temperature of the fuel will be lower than in the case of a dry canister. 

The peak temperature of the fuel will be reached shortly after disposal and the highest 
canister surface temperature (approximately 90 °C) will be reached in 10 to 15 years 
after disposal. After approximately 5000 years the temperature of the spent nuclear fuel 
and the canister will have cooled to around 20 °C assuming that the ambient 
temperature is about 10 °C. After this time, the natural geothermal gradient will be the 
dominant process controlling the temperature in the near field. 

Overall, heat transfer in the spent nuclear fuel is influenced by the following features of 
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the repository system. 

 Radionuclide inventory: the principal control on the rate of radiogenic heat 
generation. 

 Fuel geometry: in particular, the spacing of the fuel and the geometry of the void 
spaces between the fuel and cladding, across which heat is transferred primarily by 
radiation. 

 Material composition: because the composition of the spent nuclear fuel controls its 
thermal conductivity and heat generation due to attenuation. 

Uncertainties in the understanding of the FEP: 

In general, the uncertainties associated with radiogenic heat transfer in the fuel and 
cavity of the copper canister are low because the fuel characteristics are well known and 
the heat transfer processes are readily modelled using thermal codes. The actual heat 
output from each fuel assembly is planned to be measured and verified prior to 
encapsulation, which will further reduce parameter uncertainty. 

Couplings to other FEPs: 

Heat transfer in the spent nuclear fuel is directly affected by the following FEPs: 

 Heat generation [3.2.2] 

Heat transfer in the spent nuclear fuel directly affects the following FEPs: 

 Structural alteration of the fuel pellets [3.2.4] 
 Radiolysis of residual water (in an intact canister) [3.2.5] 
 Radiolysis of the canister water [3.2.6] 
 Corrosion of the cladding tubes and metallic parts of the fuel assembly [3.2.7] 
 Alteration and dissolution of the fuel matrix [3.2.8] 
 Release of the labile fraction of the inventory [3.2.9] 
 Aqueous solubility and speciation [3.3.1] 
 Precipitation and co-precipitation [3.3.2] 
 Diffusion in fuel pellets [3.3.4] 
 Heat transfer (in the canister) [4.2.2] 
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3.2.4 Structural alteration of the fuel pellets 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 3.2.3 

General description: 

Temperature changes and different thermal gradients in the fuel during reactor 
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operations (particularly during power ramping up and ramping down periods) can affect 
the integrity of the fuel pellets. These temperature gradients lead to fracturing of the 
pellets and to an increase in their specific surface area (Figure 3-4). The temperature 
and pressure in the repository will be much lower than in the reactor and they are 
unlikely to cause any further structural alteration. 

The microstructure and density of the pellets are also affected by the radiation field they 
experienced while in the reactor. Due to an accumulation of fission products and 
thermal fracturing, the diameter of spent nuclear fuel pellets is greater than that of fresh, 
unirradiated pellets and the density correspondingly less. The microstructure of an 
irradiated fuel pellet at burn-up higher than about 45 MWd/kgU will generally consist 
of two zones:  

 a central zone with radial fractures and homogeneous porosity, and  

 a rim zone with higher porosity and submicrometre-size grains.  

The rim zone forms because the fuel at the edge of a pellet undergoes fission at a rate up 
to three times higher than the mean fission rate of the pellet. This is caused by a 
successive build-up of fissile plutonium and other actinides due to capture of epithermal 
neutrons. The burn-up in the rim can be up to three times that in the centre of the pellet 
(Forsyth 1995). The higher fission rate causes a restructuring of the fuel matrix yielding 
sub-micrometre grains and a higher porosity (exceeding 10 %). The large pores form 
sharp angles at the grain boundaries, where crack-tips can be initiation points for crack 
growth and fracturing of the ceramic matrix. The rim structure usually forms in fuel that 
has experienced burn-up greater than 45 MWd/kgU.  

These changes to the microstructure of the fuel pellets increase their surface area and 
affect the release of radionuclides from spent nuclear fuel both from the gap and void 
inventory [3.2.9] and from the matrix [3.2.8]. 

 

 

 

Figure 3-4. Spent nuclear fuel pellet macro and micro structure. From Fors (2009, 
Figure 2.2). 
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In the repository, alpha decay of actinides contained in the spent nuclear fuel will result 
in the production of helium (He) atoms within the closed pores in the fuel matrix 
[3.2.10]. Helium is stable and unreactive; hence the total amount of helium gas in the 
fuel elements will increase over time as various radionuclides undergo alpha decay. The 
effect of helium accumulation on the spent nuclear fuel pellet microstructure and on 
diffusion processes has been reassessed in light of the recent results from the NF-PRO 
and PRECCI projects (Ferry et al. 2005, 2008, 2010; Van Brutzel & Crocombette 2007, 
Martin et al. 2009). 

Although experimental studies using He ion implantation at high temperatures (500 °C 
and 600 °C) showed flaking of the UO2 surface (Guilbert et al. 2003), Ferry et al. (2010) 
showed that calculated values of bubble or pore pressure from He accumulation are 
much lower than what is needed to fracture the UO2 matrix. These results suggest that 
He accumulation in pores as a result of alpha decay is not sufficient to produce micro-
cracking of grains in the central zone of irradiated UO2 fuel for several hundreds of 
thousand years. This conclusion applies also to the rim area, although the modelling 
results are more uncertain because of the uncertainties in the fracture geometry in the 
rim area. In spite of the conservative assumptions of the model, the calculated values of 
bubble or pore pressure are much lower than critical values derived from UO2 lattice 
damage criteria. No structural alteration of the microstructure of the spent UO2 fuel is 
thus expected before the breaching of the canister.  

When water ultimately contacts the fuel, after failure of the copper canister and the 
cladding, this could lead to the exposure of a larger surface area of the fuel to water, and 
affect the availability of fission products for dissolution (SKB 2010). This effect is 
considered to be short lived, however, because the bulk dissolution rate for the fuel 
[3.2.8] is expected to be solubility limited and not controlled by the available surface 
area in the long term. 

Overall, structural alteration of the fuel pellets is influenced by the following features 
and processes of the repository system. 

 Radionuclide inventory: controls the rate of production of helium gas during alpha 
decay [3.2.10]. 

 Production of helium (He) atoms in the fuel matrix [3.2.10]. 

Uncertainties in the understanding of the FEP: 

Some uncertainty exists in the helium production rates [3.2.10] in high burn-up fuel and 
the fraction of the alpha particles that actually contribute to helium pressure build-up. 
The main modelling uncertainty is the value of the critical bubble pressure, which is 
based on a fracture stress derived from three-point bending tests on polycrystalline UO2. 
The impact of this pressure build-up on cladding integrity is also uncertain. For the rim 
zone, conservative assumptions have been used for the conceptual model of He bubble 
formation, pressure buildup and fracture of polycrystalline UO2 (Ferry et al. 2008, 
2010). Due to these conservative assumptions, there is confidence in the conclusion that 
structural alteration is not likely to occur during disposal.  

Couplings to other FEPs: 

Structural alteration of the fuel pellets is directly affected by the following FEPs: 

 Heat generation [3.2.2] 
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 Heat transfer [3.2.3] 
 Production of helium gas [3.2.10] 

Structural alteration of the fuel pellets directly affects the following FEPs: 

 Alteration and dissolution of the fuel matrix [3.2.8] 
 Release of the labile fraction of the inventory [3.2.9] 
 Diffusion in fuel pellets [3.3.4] 

References and bibliography: 

Ferry, C., Poinssot, C., Broudic, V., Cappelaere, C., Desgranges, L., Garcia, P., Jégou, 
C., Lovera, P., Marimbeau, A., Piron, J.-P., Poulesquen, A., Roudil, D., Gras, J.-M. & 
Bouffioux, P. 2005. Synthesis on the spent fuel long term evolution. CEA Report, CEA-
R-6084. 

Ferry, C., Piron, J.-P., Poulesquen, A. & Poinssot, C. 2008. Radionuclide release from 
spent fuel under disposal conditions: Re-evaluation of the instant release fraction. 
Materials Research Society Symposium Proceedings. Vol. 1107, p. 447-454. 

Ferry, C., Piron, J.-P. & Ambard, A. 2010. Effect of helium on the microstructure of 
spent fuel in a repository: An operational approach. Journal of Nuclear Materials. Vol. 
407, no. 2, p. 100-109.  

Fors, P. 2009. The effect of dissolved hydrogen on spent nuclear fuel corrosion. 
Gothenburg, Sweden: Chalmers Reproservice. Chalmers University of Technology, 
PhD thesis. Ny serie nr. 2940. 132 p. ISBN 978-91-7385-259-3. 

Forsyth R.S. 1995. Spent nuclear fuel, a review of properties of possible relevance to 
corrosion processes. Stockholm, Sweden: Swedish Nuclear Fuel and Waste 
Management Co. (SKB). Technical Report 95-23. 57 p. ISSN 0284-3757. 

Guilbert, S., Sauvage, T., Erramli, H., Barthe, M.-F., Desgardin, P., Blondiaux, G., 
Corbel, C. & Piron, J.-P. 2003. Helium behavior in UO2 polycrystalline disks. Journal 
of Nuclear Materials, Vol. 321 (2), p. 121-128. 

Martin, G., Maillard, S., Van Brutzel, L., Garcia, P., Dorado, B. & Valot, C. 2009. A 
molecular dynamics study of radiation induced diffusion in uranium dioxide. Journal of 
Nuclear Materials. Vol. 385, no. 2, p. 351-357. 

SKB 2010. Fuel and canister process report for the safety assessment SR-Site. 
Stockholm, Sweden: Swedish Nuclear Fuel and Waste Management Co. (SKB). 
Technical Report TR-10-46. 143 p. ISSN 1404-0344. 

Van Brutzel, L. & Crocombette, J.-P. 2007. Atomic scale modelling of the primary 
damage state of irradiated UO2 matrix. Materials Research Society Symposium 
Proceedings. Vol. 981, p. 22-34. 

 

3.2.5 Radiolysis of residual water (in an intact canister) 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Radiolytic acid production; Nitric acid production 3.2.4 
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General description: 

As discussed in Section 3.1, the canisters may contain a mixture of water vapour (from 
residual water introduced with a leaking fuel rod), air and argon. This humid air will be 
subject to the intense radiation field inside the canister from the spent nuclear fuel, 
causing radiolysis and the generation of small quantities of nitrogen oxide species and 
even smaller quantities of hydrogen gas (H2), oxygen gas (O2) and hydrogen peroxide 
(H2O2). These radiolysis products will then combine to form either nitric (HNO3) or 
nitrous (HNO2) acids (Henshaw 1994). Continued radiolysis in an atmosphere 
containing hydrogen and nitrogen compounds can generate ammonia (NH3). 

The actual composition and amount of the radiolysis products that will be formed is 
controlled by the radiation dose rate and by the composition and amount of the air and 
water vapour mixture contained in the copper canister. The primary control on the dose 
rate is the gamma radiation intensity due to Cs-137 and Sr-90 decay. These nuclides 
have a half-life of approximately 30 years and, consequently, gamma radiolysis declines 
to negligible levels in less than a thousand years. Radiolysis due to alpha, beta and 
neutron radiation continues for longer periods but the product yields are significantly 
smaller than with gamma radiolysis (Jones 1959). 

The mass of residual water in a canister is pessimistically assumed to be 600 g and the 
atmosphere inside the canister is composed of 10 % of air and 90 % argon (Section 3.1). 
If the availability of water is assumed to be the limiting factor, then 160 g of nitric acid 
can be produced based on 600 g of residual water (Henshaw et al. 1990, Henshaw 
1994). If the availability of nitrogen is assumed to be the limiting factor, then 450 g of 
nitric acid can be formed (SKB 2010, Section 2.5.2).  

These corrosive radiolysis products that are formed in the copper canister may begin to 
corrode the fuel assembly [3.2.7] and the exposed internal surfaces of the cast iron insert 
[4.2.6]. If the insert leaks and the internal surfaces of the copper overpack are subject to 
tensile stresses, the radiolysis products may also initiate stress corrosion cracking of the 
canister [4.2.7]. However, most of the vapour is expected to react with the massive cast 
iron insert before reaching the inner surface of the copper overpack. Additional volatile 
corrosive agents, such as iodine, are not expected to be released in the canister from a 
leaking fuel rod since they would have already been released at the time of 
encapsulation. 

If the water vapour is derived from typical cooling pool water that contains boric acid, 
then some boron could potentially be present on the spent nuclear fuel surfaces. This 
boron (B-10) could react with fast neutrons to form alpha particles which would locally 
increase the alpha irradiation. The concentration of boric acid used in the cooling pools 
is, however, very low and typically 0.2 M which would mean that there could be a 
maximum of 7 g of H3BO3 per canister. This is likely to be an overestimate because 
boric acid is volatile and may be expected to be driven off by the vacuum drying 
process. The amount of additional alpha radiation due to any residual boric acid is, 
therefore, negligible. 

In summary, the amount of corrosive products from radiolysis of residual water is 
assumed to be small. Given the small volumes of corrosive substances that are formed, 
they are likely to be consumed in corrosion reactions with the cast iron insert [4.2.7] 
considering its large surface areas, and with the cladding, considering its proximity. The 
consumption of radiolysis products has been estimated to occur within a period of a few 
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years or decades (Henshaw et al. 1990, Henshaw 1994). The consequences for the 
corrosion of the inner surface of the copper overpack are negligible.  

Overall, radiolysis of residual water is influenced by the following features of the 
repository system. 

 Radionuclide inventory: provides controls on the radiation field and, thus, the yield 
of radiolysis products. 

 Temperature: affects the kinetics of radiolytic reactions. 

 Fuel geometry: particularly presence of perforations in the fuel pins that would 
control the amount of residual water in a canister. 

 Water and gas compositions: forms the humid air and water vapour mixture and thus 
controls the yield and nature of the corrosive radiolysis products.  

Uncertainties in the understanding of the FEP: 

The amount of residual air and water is the greatest uncertainty related to this process 
because it depends on the efficiency of the vacuum drying and argon purging during 
encapsulation. The current assumption of 600 g of water with 10 % air is considered to 
be very pessimistic based on the observed number of perforated fuel pins in spent 
nuclear fuel assemblies and the likely efficiency of the purging process (see Section 
3.1). Radiolytic yields for nitric oxides are also uncertain but conservative values have 
been used in the estimate of the amount of nitric acid formed, and thus the extent of 
corrosion that can occur. 

Couplings to other FEPs: 

Radiolysis of residual water is directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
 Heat transfer [3.2.3] 

Radiolysis of residual water directly affects the following FEPs: 

 Corrosion of the cladding tubes and metallic parts of the fuel assembly [3.2.7] 
 Corrosion of the cast iron insert [4.2.6] 
 Stress corrosion cracking (of the canister) [4.2.7] 
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3.2.6 Radiolysis of the canister water 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Radiolysis of groundwater 3.2.5 

General description: 

After failure of the copper canister, water may penetrate into the canister void spaces. 
There the water will be subject to the radiation field and may be decomposed by 
radiolysis, leading to the generation of oxidants and free hydrogen gas which can affect 
the radionuclide release and transport processes from the spent nuclear fuel. This 
canister water will be derived from groundwater that has first equilibrated with the 
bentonite buffer and subsequently the corrosion products of the cast iron insert. 

Radioactive decay causes α, β, γ and neutron radiation [3.2.1]. The linear energy 
transfer (LET) and penetration distance differs for each type of radiation and, thus, the 
radiolytic yields are also controlled by the radiation type. The highest potential yields 
are associated with gamma radiation, with alpha, beta and neutron radiation of water 
producing significantly less amounts of radiolysis products (Allen 1961). 

Gamma radiation has a relatively long penetration distance and a low LET. The gamma 
dose rate will, however, become insignificant after around 1000 years because it is 
mostly due to the radioactive decay of Cs-137 which has a half-life of approximately 
30 years. Given that the copper canister is expected to remain intact for approximately 
100,000 years, radiolysis of water by gamma radiation inside the canister is of concern 
only in the early canister failure scenarios. Some minor radiolysis of bentonite 
porewater outside the canister is possible in the first few hundred years due to the ability 
of gamma radiation and neutrons to penetrate through the canister wall [5.2.5].  

Alpha radiation has a very short penetration distance in water (< 1 mm) and a lower 
radiolytic yield than gamma radiation, but it will continue for many thousands of years 
because of the long half-lives of the alpha-emitting actinides (e.g. Pu-238, Pu-239 and 
Pu-240). As a consequence, some alpha and beta irradiation of water in the canister is 
possible in the long term after the canister has failed, but in very small quantities. 
Neutrons have a longer penetration distance, but the dose rate is negligible compared 
with the gamma radiation (Ranta-aho 2008). 

Radiolysis of any water that does enter a failed canister will produce O2, H2O2 and H2 
plus other species depending on the composition of the water, via a number of 
intermediate reactions involving radicals and ions. The oxidising agents will be 
consumed by corrosion of the cast iron insert. If, however, their rate of production 
exceeds the rate of reaction due to the formation of a passivating layer on the iron 
surfaces [4.2.6], then the local redox conditions inside the canister may become 
progressively more oxidising as radiolysis continues. If conditions were to become 
oxidising, then this would affect the rate of corrosion of the fuel assembly [3.2.7] and 
the spent nuclear fuel dissolution [3.2.8], and the solubility of the radionuclides released 
to the canister water [3.3.1]. 

Hydrogen produced during the corrosion of the insert, will maintain reducing conditions 
inside the canister and further counteract the formation of radiolytic products (Pastina et 
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al. 1999) and inhibit the dissolution of the UO2 matrix [3.2.8]. Experimental studies on 
radiolysis of water containing small amounts of dissolved H2 suggest that there is a 
threshold of dissolved H2 above which no further measurable oxidant production occurs 
(Pastina et al. 1999, Pastina & LaVerne 2001). 

Given that the copper canister is expected to remain intact for approximately 100,000 
years, radiolysis of water inside the canister by any process is unlikely to occur until 
after the inventory has been reduced substantially by radioactive decay. Experimental 
results show the presence of a threshold in alpha activity of the fuel below which the 
dissolution of the UO2 matrix is solubility controlled [3.2.8]. From a radiolytic point of 
view, this implies that all radiolysis products are recombined back to water and there is 
no net water decomposition below the threshold alpha dose rate. This threshold in alpha 
activity was observed by Pastina et al. (1999) in pure water containing different 
amounts of B-10 and exposed to neutron and gamma radiation in a reactor. The 
threshold of observed UO2 dissolution against alpha activity corresponds roughly to a 
fuel aged 10,000 years [3.2.8]. This implies that radiolysis of canister water becomes 
negligible after this time frame. Radiolysis is thus of greatest concern in the early 
canister failure scenarios. 

Radiolysis of groundwater has been observed and evaluated in a number of natural 
analogue studies of uranium ore bodies, including at Oklo (Gabon) and Cigar Lake 
(Canada). These studies suggest that, although radiolysis occurs, redox conditions are 
affected only very locally to the ore. Consequently, the radiolysis may have only a 
small-scale influence on radionuclide transport because radiolytic oxidants will be 
consumed by reaction with iron in the canister and in minerals in the bentonite buffer 
(Miller et al. 2000). 

Overall, radiolysis of canister water is influenced by the following features of the 
repository system. 

 Radionuclide inventory: controls the radiation field and, thus, the yield of radiolysis 
products. 

 Temperature: affects the kinetics of radiolytic reactions. 

 Fuel geometry: particularly the integrity of the fuel rods because alpha radiolysis 
can occur if water comes into contact with fuel at the fuel/cladding gap. 

 Water composition: a primary control on the yield of radiolysis products after 
canister failure. 

Uncertainties in the understanding of the FEP: 

The mechanism of water radiolysis is well understood, but there are some uncertainties 
regarding the exact nature and yield of the radiolytic products that would be generated 
in a failed copper canister. These uncertainties are affected by the spatial and temporal 
variability of the radiation type (alpha, beta, gamma, neutrons) and the composition of 
the water that might enter the canister which is, itself, variable over time. There are few 
data available for radiolysis of saline solutions that are relevant to the groundwater 
composition at Olkiluoto. Nonetheless, given that the copper canister is expected to 
remain intact for a very long period of time, these uncertainties are not considered to be 
significant. 

  



68 
 

 

Couplings to other FEPs: 

Radiolysis of canister water is directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
 Heat generation [3.2.2] 
 Heat transfer [3.2.3] 
 Corrosion of the copper overpack [4.2.5] 
 Corrosion of the cast iron insert [4.2.6] 

Radiolysis of canister water directly affects the following FEPs: 

 Corrosion of the cladding tubes and metallic parts of the fuel assembly [3.2.7] 
 Alteration and dissolution of the fuel matrix [3.2.8] 
 Aqueous solubility and speciation [3.3.1] 
 Precipitation and co-precipitation [3.3.2] 
 Corrosion of the cast iron insert [4.2.6] 
 Aqueous solubility and speciation (in the canister) [4.3.1] 
 Precipitation and co-precipitation (in the canister) [4.3.2] 
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3.2.7 Corrosion of cladding tubes and metallic fuel assembly parts  

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Corrosion of the cladding  3.2.6 

General description: 

The cladding and other metallic components of the fuel assembly will contain neutron 
activation products of the alloying elements and impurities. The activation products 
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likely to be present in zirconium alloy and other metal parts of the assembly are C-14, 
Cl-36, Zr-93 and Nb-94. As these metals are corroded by water in a failed canister, the 
activation products will be released at a rate controlled by the corrosion of these 
metallic structures (with the exception of C-14, as discussed below). 

The metallic structures of the fuel assembly are made of highly corrosion-resistant 
metals such as stainless steel, zirconium and nickel based alloys. The cladding material 
is zirconium alloy, containing small amounts of alloying metals such as Cr or Nb 
depending on the fuel type. For the time being, it is pessimistically assumed that the 
PWR control rods from OL3 and OL4 will also be encapsulated with the fuel elements. 
These control rods are made of an alloy containing 80 wt.% Ag, 15 wt.% In and 5 wt.% 
Cd, and have a zirconium alloy cladding. The amount of zirconium alloy (including that 
in the cladding) is about ten times greater than that of the other metals in the fuel 
assemblies. 

High temperature corrosion of the fuel cladding in the reactor creates a thin, tightly 
bound zirconium dioxide (ZrO2) passivating layer. Hydrogen dissolved in the cooling 
water or generated by radiolysis of the cooling water is partly absorbed into the cladding 
(the hydrogen pick-up fraction). This can lead to hydride formation and long-term 
embrittlement (delayed hydrogen cracking) of the fuel cladding.  

Prior to encapsulation, the fuel assemblies will be stored underwater in cooling pools for 
up to 50 years. During reactor operations and in the cooling pools, there is the potential 
for corrosion of the cladding and metallic structures. Based on operational experience at 
the Olkiluoto and Loviisa nuclear power plants, there is a low probability (less than one 
in ten thousand) that the fuel cladding will be leaking and, therefore, that the fuel pellets 
will be in contact with cooling pool water (Rossi et al. 2009). 

Failed cladding can allow cooling pool water to enter into a fuel pin. If not completely 
dried prior to encapsulation, this water will be decomposed by radiolysis forming acids 
that will corrode the exposed internal surfaces of the copper canister and the fuel 
assembly [3.2.5]. The amount of corrosion of the fuel assembly that can occur before 
the canister fails is, however, very small due to the small amount of cooling pool water 
that may be present inside each canister.  

Alpha decay of actinides in the spent nuclear fuel will cause a build-up of helium gas in 
the matrix [3.2.10] but this pressure increase is not sufficient to cause any damage to the 
cladding. This process is independent of the state of the canister, and is controlled 
directly by radioactive decay within the spent nuclear fuel. 

After the canister has failed, water will enter the internal spaces and may also begin to 
corrode the exposed metallic surfaces of the fuel assembly and the fuel cladding. Under 
the chemically reducing conditions expected at the time of canister failure, the rate of 
general corrosion of the cladding will be very low due to the inherent corrosion 
resistance of zirconium alloy and the passivating ZrO2 layer on its surface. Estimates of 
the rates of general corrosion of zirconium alloy under repository conditions gave a 
conservative upper limit of 20 nm/a and a ‘reasonable’ value of 5 nm/a, although rates 
as low as < 1 nm/a are possible (Shoesmith & Zagidulin 2010). Using a corrosion rate 
of 5 nm/a and an average cladding thickness of 0.5 mm, the lifetime of the cladding is 
estimated to be around 50,000 years, assuming it may corrode both from the inside and 
outside simultaneously. This is equivalent to a fractional corrosion rate of 10-5 /a.  

An alternative approach to estimating the zirconium alloy corrosion rate takes into 
account the solubility of ZrO2 in the immediate vicinity of the fuel, and the removal of 
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dissolved zirconium species, which then leads to zirconium alloy corrosion. The 
solubility of ZrO2 in water is very low, in the order of 10−9 mol/L (Brown et al. 2005, 
Bruno et al. 2007). This solubility is so low that it results in a negligible release of 
activation products from the zirconium alloy, consistent with the fractional release 
approach. 

After canister failure, corrosion of the cast iron insert of the canister by water will 
generate hydrogen [4.2.6] which may be absorbed by the cladding and lead to zirconium 
alloy embrittlement. 

During leaching tests of cladding samples, C-14 has been observed to be released 
relatively rapidly from the oxide part of the zirconium alloy cladding. The fraction of 
C-14 in the cladding inventory can be up to 20 % (Johnson & McGinnes 2002, 
Yamaguchi et al. 1999). The chemical form of C-14 in the cladding is not clear, 
although there is a possibility that it may exist as elemental carbon (graphite) or 
possibly the compound ZrC (zirconium carbide). These forms are generally stable but 
can be released as organic carbon compounds in a metal/water system (Yamaguchi et al. 
1999).  

Corrosion rates of the other stainless steel and nickel-based alloy components of the fuel 
assembly are likely to be higher than for zirconium alloy, but only a few studies have 
been carried out under anoxic conditions. These studies indicate average rates of around 
0.15 μm/a with a range of 0.01–1 μm/a where the highest rates correspond to saline 
groundwaters (SKB 2010, Section 3.2.7). Based on these rates, the minimum lifetime of 
the metallic parts of a fuel element (assuming a minimum thickness of 0.1 mm) would 
range from a hundred to ten thousand years. There are no natural analogues of relevance 
to these man-made alloys, but there are industrial analogues of stainless steel that 
provide bounding limits on the corrosion rate of this material under a variety of physico-
chemical conditions. 

The main constituent in the alloy used in the control rods is silver. Silver is a noble 
metal and, if the alloy is exposed to reducing water, no silver corrosion is expected 
unless the water contains dissolved sulphides. In that case, the corrosion rate will be 
controlled by the rate of supply of sulphide (McNeil & Little 1992).  

At Olkiluoto, the current groundwater conditions at repository depth are saline, having a 
total dissolved solids (TDS) content around 10–20 g/L containing mainly sodium, 
calcium and chloride. These saline waters may initiate stress corrosion cracking of the 
zirconium alloy components, although the conditions necessary for stress corrosion 
cracking are uncertain. 

Overall, corrosion of the cladding tubes and metallic parts of the fuel assembly is 
influenced by the following features of the repository system. 

 Radionuclide inventory: controls the rate of radiolysis and helium gas generation, 
thus affecting the pressure and stress. 

 Temperature: because corrosion rates tend to increase with temperature. 

 Mechanical stress: acting on the cladding (e.g. from internal helium pressure) can 
exacerbate stress corrosion cracking. 

 Material composition: particularly the presence of impurities in the metallic 
components can accelerate the corrosion rate. 

 Water composition: particularly strongly saline groundwaters which can increase 



71 
 

 

corrosion rates for some metals and induce stress corrosion cracking. 

Uncertainties in the understanding of the FEP: 

The corrosion processes for cladding and other metallic components are well 
understood, although there are some uncertainties regarding the rates of corrosion and 
the time to failure of the cladding under repository conditions. Due to these 
uncertainties, pessimistic values for the radionuclide fractional release rates from the 
cladding and other metal parts are used in the radionuclide release and transport 
calculations.  

The release rates of activation products are conservatively based on the corrosion rates 
of the metallic parts of the fuel assembly under repository conditions. There are 
sufficient data of good quality to support much lower corrosion rates for zirconium 
alloy, which is the most abundant metal in the fuel assembly by weight (Kursten et al. 
2004, White et al. 1966, Smart et al. 2004). The uncertainties in the measured corrosion 
rates depend, among other things, on the method used to measure corrosion rates, 
especially for very low rates (Models and Data for the Repository System). 

Couplings to other FEPs: 

Corrosion of the cladding tubes and metallic parts of the fuel assembly is directly 
affected by the following FEPs: 

 Heat transfer [3.2.3] 
 Radiolysis of residual water (in an intact canister) [3.2.5] 
 Radiolysis of canister water [3.2.6] 
 Corrosion of the copper overpack [4.2.5] 
 Corrosion of the cast iron insert [4.2.6] 

Corrosion of the cladding tubes and metallic parts of the fuel assembly directly affects 
the following FEPs: 

 Alteration and dissolution of the fuel matrix [3.2.8] 
 Release of the labile fraction of the inventory [3.2.9] 
 Criticality (if it were to occur) [3.2.11] 
 Aqueous solubility and speciation [3.3.1] 
 Precipitation and co-precipitation [3.3.2] 
 Sorption [3.3.3] 
 Aqueous solubility and speciation (in the canister) [4.3.1] 
 Precipitation and co-precipitation (in the canister) [4.3.2] 
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3.2.8 Alteration and dissolution of the fuel matrix 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Fuel matrix corrosion 3.2.7 

General description: 

On contact with water, the fuel matrix will alter, with formation of secondary phases, 
and eventually dissolve. This results in the slow congruent release of uranium and other 
radionuclides contained in the fuel matrix. This process is controlled by the chemical 
environment in the fuel/clad gap, and by the fuel composition and structure.  
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Effect of alpha activity on alteration and dissolution 

Under repository conditions at the expected time of water penetration in the canister, the 
conditions will be strongly reducing, because of the presence of massive amounts of 
metallic iron in the insert (and its corrosion products later on). Even for an initially 
defective canister, the first entry of water into the canister insert is expected to occur 
more than a thousand years after emplacement, taking into account the low rate of water 
inflow to the deposition hole and the time to saturate the buffer. It can be assumed, 
therefore, that the water coming into contact with the fuel will be free of oxygen and 
that the conditions inside the canister will be reducing. 

At the time of groundwater penetration into the canister, the radiation field will be 
predominantly alpha [3.2.1]. Evidence from experiments suggests that alpha radiation 
exhibits only a weak oxidising effect that may lead to slow oxidative dissolution if no 
reducing agents are present, but that this may be countered effectively by the presence 
of H2 and Fe(II) species that would be present in the repository near field. There is 
experimental evidence for a threshold in alpha activity below which radiation seems to 
become unable to sustain oxidative dissolution. The dissolution is controlled by the 
solubility of UO2 and not by radiolytic dissolution (Figure 3-5). This threshold is in the 
range 18–33 MBq/g of UO2 in carbonate solution (Poinssot et al. 2005). This activity 
range equates to a decay time of between 10,000 to 30,000 years for BWR fuel with a 
burn-up of 40 MWd/kgU and PWR fuel with a burn-up of 60 MWd/kgU (Anttila 2005). 
However, the results of dissolution rate measurements by VTT (Ollila et al. 2004; Ollila 
& Oversby 2005; Ollila 2008) with 233U-doped UO2 samples in 0.01 to 0.1 M NaCl 
solutions under anoxic conditions did not show any effect of alpha-radiolysis with 
doping levels of 5 and 10 % 233U (corresponding to 32-63 MBq/g UO2). This suggests 
that the radiolysis threshold depends on the environmental conditions, such as the 
reducing buffer capacity of the solution. Particularly low dissolution rates are observed 
in the presence of hydrogen. In the absence of radiolysis, under reducing conditions, 
U(IV) solubility controlled fuel matrix dissolution would dominate. The detailed 
mechanism of the fuel alteration and dissolution process is not well known because of 
the highly heterogeneous nature of the fuel.  

Several modelling approaches have been proposed but none of them can fully explain 
the experimental results (MICADO 2010). In particular, the occurrence of oxidative 
dissolution of the UO2 matrix is controversial. The solubility of U(VI) compounds being 
considerably higher than the less oxidised U(IV) species, if oxidative alteration were to 
occur, then the radionuclide release rate could become controlled directly by the rate of 
alteration rather than the rate of uranium dissolution. Dissolution rate measurements 
using unirradiated UO2 under reducing conditions suggest that the release rate of 
uranium depends on the UO2 surface area to water volume (SA/V) ratio, which may be 
related to the preferential dissolution of high-energy sites from the surface (Ollila 2008). 
The mechanism seems to involve dissolution and subsequent precipitation of uranium 
because its concentration in solution remained constant.  

The dissolution rate of spent nuclear fuel under the conditions caused by alpha 
radiolysis has been studied using UO2 doped with U-233 to simulate alpha activity 
levels expected at times of 3000 and 10,000 years after disposal (Ollila et al. 2004; 
Ollila & Oversby 2005; Ollila 2008). The data show that the presence of corroding iron 
in solution under anaerobic conditions is very effective at controlling the redox 
conditions and limiting the solubility of UO2 and that H2 is more effective than aqueous 
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Fe(II) in lowering the uranium concentration in solution. The reduction of U(VI) 
carbonate and hydroxide complexes by aqueous Fe(II) has been studied experimentally 
by Myllykylä & Ollila (2008, 2011). The results suggest that Fe(II) reduced U(VI) in 
solution in spite of the U(VI) stabilising effect of the carbonate ions in solution. 

No enhanced corrosion rates or solubility effects that could be attributed to alpha 
radiolysis were observed in these tests. This result was corroborated by a literature 
review of radiolysis effect on UO2 release (Ollila 2011). A solubility study 
(measurement of dissolution rates) of alpha-doped UO2 using a high ionic strength 
solution (0.1 M NaCl) simulating groundwater conditions at repository depths at 
Olkiluoto is ongoing within the framework of the European REDUPP project (Evins & 
Vähänen 2012). Ollila (2008) also investigated the effect of 1 ppm sulphide ions under 
anoxic conditions (N2, O2 < 1 ppm) on the dissolution rates of 5 % and 10 % alpha-
doped UO2 samples. Ollila’s (2008) results indicate that sulphide ions are also able to 
counteract any oxidising effects due to alpha radiolysis since no effects of alpha-
radiolysis could be observed in these tests either. These results have been confirmed by 
Yang et al. (2012) who studied experimentally the reaction between H2O2 and H2S/HS- 
as well as the effect of H2S/HS- on γ-radiation induced dissolution of a UO2 pellet. Yang 
et al. (2012) show that the reaction of H2O2 and H2S/HS- is rapid and that H2S/HS- can 
effectively protect UO2 from oxidative dissolution. The effect depends on sulfide 
concentration in combination with dose rate.  
Radionuclides in the fuel matrix, cladding and in other metal parts are assumed to be 
released congruently as these components corrode. The congruency assumption is 
substantiated by experimental data (e.g. Röllin et al. 2001), which include supporting 
arguments related to crystal chemistry of spent nuclear fuel and microstructural analysis 

 

 

Figure 3-5. Effect of alpha activity on solubility and decay rate controlled release of U 
from alpha-doped UO2. Below the threshold, the fuel dissolution process is solubility-
controlled, above the threshold it is controlled by alpha radiolysis. The darker shaded 
areas illustrate the spread in measured rates of the influence of alpha activity on fuel 
corrosion. Adapted from Poinssot et al. (2005, Figure 2). 



75 
 

 

of fuel. Congruent release may be modified by the precipitation of some of the 
radionuclides embedded in the matrix material (e.g. isotopes of barium and radium) 
[3.3.1]. The available experimental data obtained under reducing conditions have been 
reviewed by Ollila (2011) and used to determine the fractional dissolution rate of the 
fuel matrix to be used in the radionuclide release and transport calculations. This 
fractional release rate under reducing conditions is 10-7 per year.  

In oxidising conditions, the measured fuel dissolution rate is higher because uranium is 
promptly oxidised to U(VI), which is considerably more soluble than U(IV). The 
fractional release rate assumed in oxidising conditions is 10-6 per year (Hanson et al. 
2004). In principle, oxidising conditions may be achieved in the repository in the case of 
penetration of oxygenated glacial meltwaters during the melting period of a glacier 
located in the vicinity of the repository. The duration of the period of glacial meltwater 
penetration would, however, be very short and the redox conditions would be buffered 
by the bentonite and the cast iron insert during diffusion through the engineered 
barriers. Furthermore, there is no palaeohydrogeological evidence to suggest that there 
has been any significant influence of glacial waters from any past glaciations, and 
especially no oxygen containing glacial meltwaters, on the deep groundwater conditions 
at Olkiluoto [8.2.7]. Fuel pellets may be in contact with aerated water in the spent 
nuclear fuel cooling pool, in case of a leaking fuel rod. Part of this water may be trapped 
in the fuel pin at the time of encapsulation. In this case the fuel would dissolve at a 
tenfold higher dissolution rate but volume of water available for dissolution is limited 
(at most 50 cm3 of water per pin based on the void volume in a pin) and will be mostly 
in vapour form because of the high temperature of the fuel. 

There is a considerable body of information on UO2 dissolution processes and rates 
available from natural analogues, from a wide range of locations and geochemical 
environments, including the crystalline rocks at Palmottu in Finland (Ahonen et al. 
2004). These studies have indicated that the rate of dissolution is extremely slow in 
chemically reducing environments and in line with the laboratory data (Miller et al. 
2000).  

Hydrogen effect 

The majority of experimental studies conducted in the presence of hydrogen show that 
dissolved hydrogen suppresses or significantly reduces UO2 dissolution (e.g. 
Broczkowski et al. 2007; Carbol et al. 2005, 2009; Cera et al. 2006; Fors et al. 2009). 
The impact of hydrogen in different studies has been summarised by Broczkowski et al. 
(2010). A number of mechanisms have been either demonstrated or proposed to explain 
the H2 effect, all of which involve the activation of hydrogen to produce the strongly 
reducing H• radical, which scavenges radiolytic oxidants and suppresses fuel oxidation 
and dissolution. Evidence of a surface-catalysed reaction, taking place in the 
H2-UO2-H2O system where molecular hydrogen is able to reduce oxidants originating 
from α-radiolysis has also been reported (Carbol et al. 2009). Jonsson et al. (2007) 
demonstrated by modelling that H2 produced from radiolysis of groundwater alone will 
be sufficient to inhibit the dissolution completely for spent nuclear fuel older than 
100 years. 

Effect of epsilon particles.  

Epsilon particles are micrometre- to nanometre-sized metallic particles (containing Mo-
Ru-Pd-Tc-Rh) that are formed in the spent nuclear fuel matrix during reactor operation. 
These particles embedded in the UO2 matrix are shown to lower the hydrogen pressure 
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needed to inhibit fuel dissolution to very low values, as low as 0.01–0.1 MPa. It is 
thought that epsilon particles play a catalyser role in the activation of molecular 
hydrogen (Broczkowski et al. 2010, Trummer et al. 2009). Since the corrosion of the 
insert could produce hydrogen pressures up to 5 MPa [4.2.6], it is expected that fuel 
dissolution will be completely suppressed at all times under the long-term conditions 
expected in repositories (Jonsson et al. 2007, Eriksen & Jonsson 2007, Eriksen et al. 
2008). Yang et al. (2012) studied the reduction of U(VI) in the presence and absence of 
H2 and Pd particles in anoxic aqueous solution. They showed that H2S/HS- is less 
powerful catalyser for molecular H2 than Pd. Poisoning of the Pd catalyst by sulphide 
ions is not observed. Concerning the dissolution of the spent fuel matrix, epsilon 
particles have also been shown to dissolve much more slowly than the rest of the UO2 
matrix (Martinez-Esparza et al. 2002); therefore the assumption of congruent 
dissolution of the fuel matrix can be considered pessimistic. 

Fuel matrix dissolution as a function of burn-up 

It was initially believed that burn-up may increase the spent nuclear fuel dissolution rate 
because it increases the content of fission products and higher actinides, and the surface 
area of the fuel, especially at the fuel rim [3.2.4]. Recent studies on a range of fuels with 
different burn-up histories under oxidising conditions indicate, however, that releases do 
not increase proportionally with burn-up (e.g. Clarens et al. 2008; Fors et al. 2009; 
Zwicky et al. 2011). The highest cumulative fractional releases are observed for fuels 
with an intermediate burn-up (40–50 MWd/kgU), a slight decrease being observed for 
fuels with the highest burn-up (over 60 MWd/kg).The increased amount of doping of 
the UO2 matrix with non uranium fission product and actinide atoms has been suggested 
to cause an increased resistance to oxidative dissolution of the UO2 matrix. 

The fuel dissolution rate has been measured also in the rim around a high burn-up pellet, 
which is the region with a higher concentration of actinide and fission products [3.2.4]. 
Experimental fuel leaching results showed that the releases of almost all radionuclides 
were slightly lower from the outer part, which contained the rim and had higher local 
burn-up compared with those from the centre of the pellet (Clarens et al. 2008). Similar 
trends in flow-through dissolution tests for high burn-up fuel in oxidising conditions 
have been reported (Hanson et al. 2004).  

Overall, dissolution of the spent nuclear fuel matrix is influenced by the following 
features of the repository system. 

 Temperature: affects the rate of alteration and dissolution reactions. 

 Fuel geometry: both the radiation field and the surface area of the fuel in contact 
with water affect the dissolution rate.  

 Material composition: the composition of the spent nuclear fuel is a primary control 
over the rate of dissolution and alteration. 

 Water composition: the redox condition, in particular, is the most important control 
on spent nuclear fuel dissolution, with the rate of dissolution being very low under 
the expected near-field conditions. 

 Gas composition: the presence of H2 from anaerobic corrosion of iron may suppress 
dissolution.  

Uncertainties in the understanding of the FEP: 

The specific mechanism of fuel dissolution is still somewhat uncertain although a large 
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number of experimental data have been recently produced to clarify the effect of 
hydrogen and that of burn-up. The effect of high burnup on the initial releases of 
radionuclides in anoxic conditions is being investigated in the framework of the EU 
project First nuclides (http://www.firstnuclides.eu). 

The effect of high ionic strength of the Olkiluoto natural groundwater and surface 
chemistry on UO2 dissolution is being investigated within the framework of the 
European project REDUPP (Evins & Vähänen 2012).  

Experimental uncertainties are high when measuring UO2 dissolution rates because this 
material is extremely sensitive to surface oxidation (as may occur in the case of 
damaged fuel rods), especially in the presence of a few layers of water undergoing 
radiolysis (Jégou et al. 2005, Muzeau et al. 2009). Thus, the large spread of dissolution 
rates published in the literature reflects more the dissolution rate of a (partially) oxidised 
UO2 layer on the surface than the actual dissolution rates of UO2 in anaerobic 
conditions. 

Couplings to other FEPs: 

Alteration and dissolution of the spent nuclear fuel matrix is directly affected by the 
following FEPs: 

 Heat transfer [3.2.3] 
 Structural alteration of the fuel pellets [3.2.4] 
 Radiolysis of the canister water [3.2.6] 
 Corrosion of the cladding tubes and metallic parts of the fuel assembly [3.2.7] 
 Diffusion in fuel pellets [3.3.4] 
 Corrosion of the copper overpack [4.2.5] 
 Corrosion of the cast iron insert [4.2.6] 

Alteration and dissolution of the spent nuclear fuel matrix directly affects the following 
FEPs: 

 Criticality (if it were to occur) [3.2.11] 
 Aqueous solubility and speciation [3.3.1] 
 Precipitation and co-precipitation [3.3.2] 
 Sorption [3.3.3] 
 Diffusion in fuel pellets [3.3.4] 
 Aqueous solubility and speciation (in the canister) [4.3.1] 
 Precipitation and co-precipitation (in the canister) [4.3.2] 
 Sorption (in the canister) [4.3.3] 
 Diffusion (in the canister) [4.3.4] 
 Advection (in the canister) [4.3.5] 
 Colloid transport (in the canister) [4.3.6] 
 Gas transport (in the canister) [4.3.7] 
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3.2.9 Release of the labile fraction of the inventory 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Instant release fraction 3.2.8 

General description: 

During irradiation of the fuel in the reactor, a certain fraction of the radionuclide 
inventory migrates into cracks in the fuel pellets and at grain boundaries, or accumulates 
in the available gaps between the fuel and the cladding. The migration process is by 
thermal diffusion during reactor operation [3.3.4]. 

When the copper canister and cladding fail and water contacts the spent nuclear fuel, 
this enriched (labile) fraction becomes available for release. These radionuclides usually 
have high solubilities and so may be rapidly released from the fuel on a time scale in the 
order of days. They are also generally non-sorbing, so can result in an early peak release 
from the near field. The canister water composition is not a controlling parameter 
because the gap release is highly soluble in all likely canister waters. 

This early release fraction of the inventory is modelled in the radionuclide release and 
transport calculations as a fraction of the inventory released instantaneously at the time 
of canister failure (known as the ‘instant release fraction’ or IRF). In reality, the release 
is not likely to be instantaneous and may continue for an extended period of time but it 
is still rapid compared with the release rates of radionuclides embedded in the fuel 
matrix. The behaviour of fission gases in the IRF is best known while the behaviour of 
other potentially segregated radionuclides is more uncertain. The IRF is independent of 
the bulk dissolution rate of the spent nuclear fuel [3.2.8] but depends on the irradiation 
history of the fuel.  

The fraction of the radionuclides that is incompatible with the UO2 matrix and 
accumulates in the gaps and void spaces within the fuel rods is generally considered to 
be correlated to the fission gas release measured in post-irradiation examination of fuel 
rods (Johnson & Tait 1997, Werme et al. 2004, Ferry et al. 2004). The fission gas 
release increases with increasing burn-up. Typically values are < 1 % at burn-ups below 
40 MWd/kgU, below 5 % for burn-up in the range 40–50 MWd/kgU (Nordström 2009, 
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Oldberg 2009) and for very high burn-up (> 60 MWd/kgU) the fission gas release may 
exceed 10 %.  

The currently average burn-up in Finnish reactors is 37 to 47 MWd/kgU depending on 
the reactor type (Table 3-1). The release of fission gas is also strongly correlated to the 
linear heat generation rate (i.e. the amount of heat generated per unit length of fuel rod) 
of the fuel. Modelling fission gas release as a function of irradiation history continues to 
develop (Van Uffelen 2006, Blair 2008) to improve fuel performance and for 
operational safety purposes. 

The maximum burn-up of fuel in Finnish reactors has been limited to 45 MWd/kgU but, 
over the next few decades, the planned burn-up of fuel will increase to an estimated 
average assembly burn-up of 55 MWd/kgU or possibly higher, which would go beyond 
the limit considered in the data previously evaluated (Anttila 2005). Modelling of the 
fission gas release from the knowledge of the fuel power history has, however, 
improved (Van Uffelen 2006, Blair 2008, Nordström 2009, Oldberg 2009). 

Recently, calculations of the fission gas release of Swedish BWR and PWR reactors for 
various burn-up and linear power ratings have been carried out (Oldberg 2009, 
Nordström 2009). It has been experimentally shown that small fractions of the content 
of the fission gases Cs and I can leave the fuel matrix during reactor operation.  

Fission product leaching studies on spent nuclear fuels with a range of burn-up and 
irradiation histories, and their correlations with fission gas release, can provide reliable 
estimates for the IRF of several important long-lived radionuclides (e.g. I-129 and 
Cs-135) for moderate burn-up UO2 fuel, up to 45 MWd/kgU (Johnson et al. 2012, 
Serrano-Purroy et al. 2012). In this range of burn-up, the values chosen for the 
radionuclide transport calculations correspond to pessimistic, upper limits (Models and 
Data for the Repository System). The radionuclides of most significance in the IRF to 
dose for early canister failure are C-14, Cl-36, Se-79, Tc-99, Pd-107, Sn-126, I-129 and 
Cs-135.  

Overall, release of the labile fraction of the inventory is influenced by the following 
features of the repository system. 

 Radionuclide inventory: controls the nature and concentration of radionuclides 
present for release and their distribution in the fuel pellets. 

 Temperature: can affect the rate of diffusion of the labile fraction. 

 Mechanical stress: can cause cracking of the fuel pellets and increase the rate of 
release of the labile fraction. 

Uncertainties in the understanding of the FEP: 

There are significant uncertainties regarding the extent and, in some cases, the very 
existence of segregation of certain radionuclides. The process uncertainty is related to 
the lack of information on the diffusion mechanisms and rates of transfer of certain 
nuclides to the void spaces inside or near the fuel pellet. The current knowledge is 
empirical, based on the correlation with measurements of fission gas release. Moreover, 
the IRF values depend on the fission gas release measurements of high burn-up fuel, for 
which there are few experimental data. 

Any mechanistic and conceptual uncertainties are handled pessimistically, and 
immediate release after water contact is assumed. 
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Couplings to other FEPs: 

Release of the labile fraction of the inventory is directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
 Heat transfer [3.2.3] 
 Structural alteration of the fuel pellets [3.2.4] 
 Corrosion of the cladding tubes and metal parts of the fuel assembly [3.2.7] 
 Production of helium gas [3.2.10] 
 Aqueous solubility and speciation [3.3.1] 
 Diffusion in fuel pellets [3.3.4] 
 Corrosion of the copper overpack [4.2.5] 
 Corrosion of the cast iron insert [4.2.6] 
 Diffusion (in the canister) [4.3.4] 

Release of the labile fraction of the inventory directly affects the following FEPs: 

 Diffusion (in the canister) [4.3.4] 
 Advection (in the canister) [4.3.5] 
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3.2.10 Production of helium gas 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 3.2.9 

General description: 

Alpha decay of actinides in the spent nuclear fuel results in the formation of helium 
(He) atoms in closed pores in the fuel matrix. Alpha particles (helium nuclei) form 
gaseous helium after they have slowed down in the fuel matrix. The helium gas is stable 
and unreactive with other elements and, therefore, the total amount of helium gas in the 
fuel elements will increase over time as alpha decay continues. The production of 
helium proceeds for as long as there is uranium or other actinides left in the spent 
nuclear fuel. 

If the helium gas were to accumulate in the annular gap between the fuel pellets and the 
cladding in an intact cladding tube, this would result in a build-up in pressure and could 
lead to mechanical failure of the tube. In an intact cladding tube (with a void volume of 
50 cm3), the increase in gas pressure is calculated to be in the range 3.4 to 4.4 MPa after 
100,000 years (SKB 2010, p. 70). If all of this accumulated helium was released to the 
void inside the canister after the mechanical rupture of the cladding tube, the pressure 
increase would be about 0.5 to 0.65 MPa, which is considerably lower than the external 
pressure on the canister and, therefore, will have negligible consequences for 
deformation of the canister [4.2.3]. 

The rate of helium production depends on the burn-up history of the fuel. It has been 
calculated that the amounts produced after 1000 and 50,000 years would be 7·1018 and 
2.6·1019 atoms per gram of UO2, respectively, for fuel with burn-up of 52 MWd/kgU 
(Ferry et al. 2010). For a burn-up of 60 MWd/kgU, the amount of He produced is higher 
by about 15 % at 1000 years but the difference decreases thereafter. Most of the helium 
generated will, however, remain trapped within the fuel matrix. It has been shown that 
the internal helium pressure build-up in the spent nuclear fuel over time will not lead to 
micro-cracking or affect the physical integrity of the UO2 matrix [3.2.4].  

Studies of helium accumulation in 320 million year old natural UO2 (pitchblende) from 
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Pen-ar-Ran in France, showed that it retained less than 5 % of the total amount of 
radiogenic helium formed (Roudil et al. 2008). This corresponds roughly to the 
expected solubility of helium in UO2. The sample had not been subjected to any events 
that could have caused helium loss and, therefore, it was concluded that the rate of 
helium diffusion in the pitchblende was nine orders of magnitude higher than that 
expected in well-crystallised spent nuclear fuel. The reason for this is not presently 
clear.  

Overall, the production of helium gas is influenced by the following features of the 
repository system. 

 Radionuclide inventory: the burn-up of the fuel and the initial fission product 
inventory is a primary control on the rate of helium production. 

 Temperature: controls the diffusion of helium in the fuel pellets. 

 Mechanical stress: can cause cracking of the fuel pellets and increase the rate of 
helium release. 

Uncertainties in the understanding of the FEP: 

The production of He gas due to radioactive decay is well understood from the 
radioactive decay point of view. The effect of helium pressure build-up on the UO2 
crack propagation of the rim of the fuel pellet is somewhat uncertain [3.2.4].  

Couplings to other FEPs: 

The production of helium gas is directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
 Diffusion in fuel pellets [3.3.4] 

The production of helium gas directly affects the following FEPs: 

 Structural alteration of the fuel pellets [3.2.4] 
 Release of the labile fraction of the inventory [3.2.9] 
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3.2.11 Criticality  

Type: Class: 

Event System evolution 

Alternative names: Number in 2007-12: 

Induced fission Not applicable 

General description: 

Criticality is discussed in this report based on the feedback received from STUK, 
although this event would normally be screened out as being ‘unlikely’ based on the 
canister design and the strategy for emplacing waste in the repository, which are 
intended to ensure the low likelihood of its occurrence in the long term.  

Criticality is the occurrence of an uncontrolled nuclear chain reaction in a system 
containing fissile material, such as U or Pu isotopes. A criticality event might cause a 
large release of energy that could lead to a rapid redistribution of radionuclides. In the 
repository, a criticality event would change the radionuclide inventory, and could cause 
mechanical failure of the engineered barriers and, potentially, a rapid transfer of 
radionuclides from the canister to the geosphere [4.3.5, 5.3.5]. 

A measure of the reactivity of a system containing fissile mass is the effective neutron 
multiplication factor (keff), which is the ratio of the number of neutrons produced in the 
system to the number of neutrons absorbed in or lost from the system. When keff = 1, the 
system is critical but the chain reaction is barely self-sustaining and, consequently, for a 
significant criticality event to occur, keff must be > 1.  

To ensure that criticality does not occur within the spent nuclear fuel inside a canister, 
the basic criticality safety criterion is that keff  < 0.95 for each canister, taking account of 
inventory uncertainties (Guide YVL D.5, Draft 4). Subcriticality at the time of 
emplacement is one of the fundamental premises of the canister (Design Basis) and 
various requirements are set for the canister design, such as the separation distance 
between fuel assemblies in the canister, to ensure initial subcriticality of the fuel (Raiko 
2012). Further technical and quality assurance requirements are set for the operational 
aspects (e.g. fuel loading systems) and for the initial state of the canister (e.g. no water 
inside the canister). 

It has been demonstrated that the fuel within BWR and VVER-440 canisters will remain 
subcritical even in case of zero burn-up (e.g. fresh fuel), provided the average initial 
enrichment is sufficiently low (Anttila 2005a, 2005b). The enrichment of some current 
and future fuels is, however, higher than was initially anticipated. Therefore, the 
demonstration of subcriticality for all canister types may require the use of burn-up 
credit, which is an issue that will be resolved along with the canister design and 
encapsulation issues. The criticality potential of fuel at encapsulation is, therefore, not 
discussed further. 

The potential for criticality in the repository after emplacement has to be considered 
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because the reactivity of the fuel will remain significant for thousands of years, due to 
the inventory of residual fissile uranium and plutonium nuclides (e.g. U-235, Pu-239). 
Both short and long-term criticality of spent nuclear fuel in a KBS-3V type canister has 
been assessed for Swedish BWR and PWR fuels (Agrenius 2010) that are considered to 
be very similar to the equivalent Finnish spent nuclear fuels. This assessment showed 
that keff is at maximum at the time of emplacement and then evolves over time, due to 
radionuclide decay and in-growth, with a secondary (smaller) peak occurring at around 
10,000 years because of the decay of Pu-240, which is a strong neutron absorber. The 
potential for criticality in the repository after emplacement and up to 1 million years has 
been considered because the reactivity of the fuel does not significantly decrease 
throughout the assessment period due to the very long decay times of residual fissile 
uranium and plutonium, and their various fission and decay products. 

The risk of criticality as a result of redistribution of material has been analysed by 
Behrenz & Hannerz (1978) and by Oversby (1996a, 1996b, 1998). The conclusions 
were that criticality outside the canister has a vanishingly small probability, requiring 
several highly improbable events. “After the report of a possibility of criticality outside 
a canister by Bowman & Venneri (1994) that was dismissed in a review by Van 
Konynenburg (1995), several other studies have concluded that criticality in a geologic 
repository as a result of redistribution of fissile material is a highly unlikely event.” 
“The possibility of nuclear criticality in the vicinity of the proposed Yucca Mountain 
repository was explored recently by Nicot (2008). It was concluded that external nuclear 
criticality is not a concern at the proposed Yucca Mountain repository for any of the 
deposited waste. Some of the waste intended for Yucca Mountain contains higher levels 
of fissile material than what is intended for disposal in the Finnish repository. 

The presence of a small hole in a canister (such as a welding defect) will not cause a 
change in the criticality assessment because the criticality calculations assume that the 
canister void spaces are initially filled with water. 

In the case of a breached canister and water penetration, the formation of magnetite due 
to iron corrosion will decrease the water content. In the case of a breached canister and 
water penetration, however, the formation of magnetite due to iron corrosion [4.2.6] will 
decrease the water content because of the increase in the volume of corrosion products. 
If magnetite is formed, hydrogen is released. This hydrogen will redistribute within or 
be lost from the canister. Magnetite and hydrogen formation could increase or decrease 
neutron moderation and so increase or decrease reactivity. Furthermore, corrosion of the 
insert will modify the spatial distribution of the fuel rods, in some cases increasing their 
nuclear interaction (hence increasing the criticality potential) and in some cases 
decreasing this interaction, depending on the configuration and on the nature and 
distribution of the materials inside the canister. The distribution of fissile material, iron, 
copper, magnetite, water and void spaces has, however, to be more thoroughly assessed 
to determine whether there will be any significant increase in reactivity in the long term. 
Furthermore, the stable and long-lived nuclides (neutron absorbers) that are taken into 
account when the burn-up credit is applied may dissolve and diffuse out of the canister 
faster than the neutron-generating nuclides, which would further increase the reactivity. 
The consequences of this potential phenomenon will be considered in long-term 
criticality safety analyses. 

In the case of the complete degradation of fuel assemblies inside the canister due to 
corrosion [3.2.7], the worst case criticality configuration would be for the spent nuclear 
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fuel to be homogeneously mixed with canister water, which is not a realistic case 
(Agrenius 2010). Similarly, scenarios considering rock shear movements along faults 
[8.2.3] that would cause the canister to fail and the fuel to be redistributed have been 
assessed. These are also thought to be unrealistic based on the combined low probability 
of rock shear movements at Olkiluoto and on the geometrical constraints necessary to 
obtain a critical configuration.  

Out-of-canister criticality events caused by the transport (e.g. by diffusion [4.3.4]) and 
reaccumulation (e.g. by precipitation [4.3.2]) of radionuclides in the buffer, backfill or 
geosphere have also been assessed (SKB 2010, Section 2.1.3). It was concluded that the 
criticality due to uranium outside the canister would require dissolution and transport of 
uranium under oxidising conditions and subsequent deposition of uranium under 
reducing conditions. There is no credible mechanism to achieve both oxidising and 
reducing conditions in the near field of the repository in the long term. Out-of-canister 
criticality due to plutonium was also shown to be improbable due to the lack of any 
mechanism to mobilise and transport plutonium away from the fuel and then accumulate 
it in a critical configuration. For these reasons, all out-of-canister criticality events are 
considered to have a vanishingly small probability, although the initial assumptions are 
being verified. 

US DOE (2008) and EPRI (2007) have considered long-term criticality scenarios. The 
conclusion is that transients criticality events are based on either highly conservative or 
non-mechanistic inputs or assumptions, such as:  
 The canisters fail in a highly selective manner: only at the top of the canister such 

that groundwater can pool inside. In reality, a canister breach is equally likely to 
occur anywhere such that a buildup of groundwater inside is less favoured;  

 The zone of failure on the top of the canister is sufficiently large such that 
groundwater can penetrate via advection. In reality, canister failure is likely to be in 
the form of tight pinholes or cracks that will not support advection of water through 
them. By the time pinholes or cracks have widened sufficiently to allow 
groundwater inside the waste package, it is likely that other corroded areas on the 
waste package bottom would have opened up such that groundwater would not 
accumulate inside the canister; 

 A sufficient amount of groundwater accumulates in the canister such that it can fully 
immerse the contents. In reality, it is unlikely that groundwater will be able to fill 
the canister to any great extent before it would be drained via additional corroded 
areas on the waste package surface; 

 A very rapid rearrangement of the groundwater occurs. The presence of the internal 
structures of the canister will slow the internal movement of any accumulated 
groundwater as it shifts to one end of the canister. Hence, it is unlikely that such a 
rapid groundwater rearrangement could occur; 

 Rearrangement of the groundwater occurs toward the top ends of the assemblies. 

NDA (2010) also considered post-closure criticality and concluded that it is a low 
probability, low consequence event because:  

 For spent fuel package and emplacement design are capable of maintaining sub-
critical conditions over very long timescales and, in the majority of fuel types, the 
reactivity will reduce with time as plutonium-239 decays into the less reactive 
fissile nuclide uranium-235, both of which will be diluted by the non-fissile 
uranium-238. 
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 Direct radiation from the criticality event would be shielded by the surrounding 
rocks and materials; 

 Even if they do occur, criticality events are likely to affect only a limited part of a 
repository storage volume; 

 The backfill/buffer and geological environment will still act to isolate the 
radioactive waste from the surface environment. 

EPRI (2007) reached similar conclusions stating that if the fuel in the canister has the 
potential to result in a critical configuration, the more likely type of criticality would be 
a quasi-steady-state condition, rather than a large reactivity transient. The consequences 
of a criticality event in the long term would result in slow and cyclic releases of fission 
products and actinides but not in an explosive event, much like what happened at the 
Oklo natural reactors (Miller et al. 2000).  

Beyond 1 million years, U-235 is the only fissile radionuclide remaining in the 
inventory but, at that point, it is assumed that all canisters have failed, the insert has 
corroded and that the fuel matrix has partially dissolved in groundwater [3.2.8] and has 
been redistributed outside the canister along with corrosion products. Criticality safety 
in such very long time frames (beyond 1 million years) have not been performed based 
on the low likelihood of a critical configuration and on the low consequences of a 
criticality event in the long term.  

In summary, criticality during early evolution of the repository is very unlikely because 
the water content will be very low in each intact canister, so water cannot act as a 
moderator, meaning that keff  ≤ 0.95. Similarly, in the long term, after canister failure, 
the probability of criticality is also very low because there are no credible mechanisms 
that could cause redistribution of the fissile material into a critical configuration, either 
inside or outside of the canister. 

Overall, the low probability of criticality is influenced by the following features of the 
repository system. 

 Radionuclide inventory: controls the amount of fissile material and neutrons being 
emitted. 

 Fuel geometry: is a primary control on the fissile material configuration. 

 Material composition: the nature of original and secondary (corrosion product) 
materials will affect the abundance of neutron absorbers in the near field. 

 Water composition (and volume): water will act as a moderator for criticality 
reactions. 

Uncertainties in the understanding of the FEP: 

In general, the uncertainties associated with criticality are low because the radionuclide 
inventory of each canister is well known and controlled, and the design of the canister 
and the repository near field is configured so as to avoid a critical configuration 
forming.  

There is uncertainty in the use of burn-up credit in the criticality calculations but the 
safety margins are such that this does not affect long-term criticality safety. 

Couplings to other FEPs: 

Criticality (if it were to occur) would be directly affected by the following FEPs: 

 Radioactive decay and in-growth [3.2.1] 
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 Corrosion of the cladding tubes and metallic parts of the fuel assembly [3.2.7] 
 Alteration and dissolution of the fuel matrix [3.2.8] 
 Radiation attenuation (by canister metal) [4.2.1] 
 Advection (in the canister) [4.3.5] 
 Precipitation and co-precipitation (in the buffer) [5.3.2] 
 Sorption (in the buffer) [5.3.3] 
 Diffusion (in the buffer) [5.3.4] 

Criticality (if it were to occur) would directly affect the following FEPs: 

 Radioactive decay and in-growth [3.2.1] 
 Heat generation [3.2.2] 
 Advection (in the canister) [4.3.5] 
 Advection (in the buffer) [5.3.5] 
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3.3 Migration FEPs 

Radionuclides may migrate within, and out of, the spent nuclear fuel pellets by diffusion 
and become associated with the secondary alteration products formed by the 
degradation of the spent nuclear fuel matrix and the metallic components of the fuel 
assembly.  

Other migration processes that occur in different repository components, such as 
advection, colloid transport and gas transport, do not occur within the spent nuclear fuel 
and so are not considered here. The migration processes that affect radionuclides 
released from the spent nuclear fuel to the water in the canister void space are described 
in Section 4.3. 

3.3.1 Aqueous solubility and speciation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Dissolution and speciation; Solubility and speciation 3.3.2 

General description: 

Radionuclides will be released by slow dissolution of the spent nuclear fuel matrix 
[3.2.8] and from the labile fraction of the inventory contained in the cladding gap and 
grain boundaries [3.2.9]. Solubility refers to the total aqueous concentration of an 
element in all dissolved chemical forms, which are in equilibrium with each other and 
with the solid mineral phases in the system. Radionuclides may form different solid 
phases, with different solubilities, depending on the geochemical conditions. For 
example, the UO2 spent nuclear fuel matrix is poorly soluble under the geochemical 
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conditions expected in the repository near field. If equilibrium is reached, a maximum 
concentration of all soluble species can be estimated from the solubility product of the 
species that can co-exist, including the solubility determining solid phase. The chemical 
form (speciation) that a radionuclide will take once in the aqueous phase will depend on 
the presence of other dissolved inorganic and organic compounds in the water with 
which it can bond. 

The most important parameters that affect solubility and speciation are the water 
composition, the redox potential and the pH. High salinity groundwater affects the 
solubility equilibria through the ionic strength. The presence of strong complexing 
ligands, such as carbonate and chloride ions, also affects the speciation and solubility.  

The redox conditions are relevant for elements with several oxidation states (e.g. U, Pu, 
Se), in terms of redox potential and reducing capacity of the system. In the case of 
uranium, for example, reducing conditions in the canister due to the presence of 
hydrogen gas and corroding iron are the most important factors limiting solubility. The 
temperature affects the kinetics of dissolution/precipitation processes as well as 
solubilities and the complexes formed. In addition, the reactivity of redox active 
surfaces (e.g. those of the iron insert) may strongly affect the kinetics of precipitation 
[3.3.2]. 

The inflow and outflow of water in the canister void space, and within the cladding 
tubes, will be controlled by the slow rate of groundwater movement and diffusion 
through the buffer. Consequently, the water inside the canister will easily become 
saturated with respect to low-solubility elements (e.g. uranium). Under these conditions, 
the migration of low-solubility elements from the spent nuclear fuel matrix to the 
aqueous phase is solubility limited. Further dissolution of the spent nuclear fuel will be 
controlled by the rate at which the dissolved species can diffuse out of the canister 
[4.3.4] and the dissolution process will be congruent, meaning that radionuclides will be 
released in the same proportions they occur in the spent nuclear fuel. In scenarios with 
impaired buffer performance and high water flows through it, the migration of 
radionuclides will no longer be solubility limited but will be controlled by the rate of 
groundwater flow. 

The corrosion of the cast iron insert will have important implications for controlling the 
solubility and speciation, and, therefore, the transport of radionuclides dissolved in the 
water within the canister void spaces. The generation of hydrogen due to anaerobic iron 
corrosion [4.2.6] will impose a reducing environment. This will decrease the solubility 
limit for most of the redox-sensitive radionuclides, such as actinides, thus decreasing the 
potential mass fluxes out of the system. Solubility limits will play an important role in 
constraining the transport of many radionuclides within the canister, in contrast to the 
geosphere where radionuclide concentrations are likely to remain below solubility 
limits. 

Similarly, the cladding and metallic components of the fuel assembly are also poorly 
soluble and, therefore, the release of the activation products they contain will also be 
slow and be solubility limited.  

Radionuclide solubilities and speciation depend on the chemical environment in the 
canister cavity and several assessments have been made of the radionuclide solubility 
limits expected within the repository near field (Duro et al. 2006, Grivé et al. 2007, 
Wersin et al. 2012). Solubility limits relevant to the different canister water 
compositions expected at Olkiluoto have been defined, and in the solubility 
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calculations, a solubility-limiting phase is assumed for each radioelement (Wersin et al. 
2012). The most probable solid phases expected to form under the specified chemical 
conditions are identified. The results of chemical thermodynamic modelling can be 
compared with the measured concentrations in natural and laboratory studies. 

Radionuclide solubility and transport may also be affected by microbes which can affect 
the geochemical conditions in the near field [5.2.8]. Sulphate-reducing bacteria can, for 
example, affect those elements whose solubility is considered to be limited by sulphate 
or sulphide phases, such as Sr, Ra, Se and Sn. 

Overall, aqueous solubility and speciation is influenced by the following features of the 
repository system. 

 Radionuclide inventory: controls the radionuclides that may be released from the 
spent nuclear fuel by congruent dissolution. 

 Temperature: a control on the solubility of the spent nuclear fuel. 

 Pressure: the hydrostatic pressure will influence solubility and speciation but is a 
second-order control in the repository environment. 

 Material composition: the composition of the spent nuclear fuel is a primary control 
over its solubility. 

 Water composition: in particular, pH and redox potential (Eh) directly control the 
solubility and speciation of radionuclides through defining the type and 
concentration of dissolved species in canister water.  

Uncertainties in the understanding of the FEP: 

The general process of spent nuclear fuel dissolution and the solubility limits that will 
apply are well understood. There are uncertainties in the composition of the water 
penetrating into the canister, reflecting the uncertainty in the spatial and temporal 
variation in geochemical conditions in the repository (in particular pH, Eh and CO2 

concentration) during system evolution. This leads to uncertainties in the estimation of 
the solubility of the radionuclides and their speciation. This is accounted for to a large 
extent by defining reference and bounding groundwaters and porewaters as a function of 
the climatic evolution. For many elements, the geochemical uncertainty is larger than 
the thermodynamic uncertainty. 

The thermodynamic uncertainty is estimated from the uncertainty in the main species 
that are present in solution, and the solubility constants associated with those species. 
The thermodynamic uncertainty also depends on the quality of the data in the database. 
For example, it includes various types of uncertainties, such as the extrapolation 
procedure of the original experimental data to zero ionic strength and the effects of the 
omission of relevant complexes in data processed for inclusion in the database.  

Other uncertainties relate to metal carbonate complexation data, and solubility/ 
speciation data for hyperalkaline conditions (pH > 10). For actinides, where carbonate 
complexation is of particular relevance, the uncertainty can be estimated to a large 
extent from the uncertainty in logK reported in the thermochemical database. 

Furthermore, specific mechanisms and rate of dissolution in the high ionic strength 
groundwaters at Olkiluoto are uncertain. Most data are available for more dilute, 
oxidising groundwater systems. The current approach is to use thermodynamic data that 
are applicable both to low and high ionic strength and to take into account the 
uncertainties in the ionic strength extrapolation and in the overall uncertainty in the 
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solubility value. The uncertainty treatment is based on conservative assumptions, thus 
leading to derived upper solubility limits which are generally higher than measured ones 
and therefore it is considered as robust.  

Couplings to other FEPs: 

Aqueous solubility and speciation is directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
 Heat generation [3.2.2] 
 Heat transfer [3.2.3] 
 Radiolysis of the canister water [3.2.6] 
 Corrosion of the cladding tubes and metal parts of the fuel assembly [3.2.7] 
 Alteration and dissolution of the fuel matrix [3.2.8]  
 Precipitation and co-precipitation [3.3.2] 
 Sorption [3.3.3] 
 Corrosion of the cast iron insert [4.2.6] 

Aqueous solubility and speciation directly affects the following FEPs: 

 Release of the labile fraction of the inventory [3.2.9] 
 Precipitation and co-precipitation [3.3.2] 
 Sorption [3.3.3] 
 Diffusion in fuel pellets [3.3.4] 
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3.3.2 Precipitation and co-precipitation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None 3.3.2 

General description: 

The solubility limits of radionuclides in the canister and the buffer of the spent nuclear 
fuel repository at Olkiluoto have been updated (Wersin et al. 2012). Radionuclides may 
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precipitate if their solubility limits are exceeded. Precipitation could occur, for example, 
if there is a change in the geochemical conditions, such as a drop in temperature or 
inflow of water from the rock with a different composition. Co-precipitation of a 
radionuclide with other major elements to form a solid solution may also occur in such 
situations. This process is strongly influenced by the water conditions within the 
canister and, in turn, by the evolving bentonite porewater.  

The possibility of solid solution formation under repository conditions has been 
investigated. It is thought that, at the relatively low temperatures expected in a 
repository when ion diffusion in the solid phase is negligible, the transition from 
adsorbed layer or surface precipitate to solid solution is expected to occur only in solids 
with high re-crystallisation rates (Bruno et al. 2007). Radionuclides released from the 
spent nuclear fuel may also become associated with secondary phases caused by 
oxidative alteration of the UO2 matrix, if it occurs, but this is not confirmed by 
experimental results [3.2.8].  

Experimental tests on the dissolution of spent nuclear fuel pellets in water provide 
indications of the co-precipitation of Np and Pu with U (Cui et al. 2008, Fors et al. 
2008). In performance assessments, usually no credit is taken for the expected co-
precipitation of elements with similar chemical properties, since the solubilities of the 
component elements in ideal solid solutions are lower than those of the corresponding 
pure components. Furthermore, co-precipitation could also give rise to a stable deposit 
in which radionuclides could be produced by decay of the parent nuclides and released 
at a later time. Therefore, co-precipitation is cautiously not accounted for in 
radionuclide release and transport analyses, with one exception, as follows. 

There is overwhelming evidence of the co-precipitation of Ra, Ca and Ba in the 
presence of sulphate (Berner & Curti 2002). Sulphate is an abundant species in 
groundwater at Olkiluoto. The co-precipitation of Ra-226 with Ba is of particular 
interest as a potential mechanism to retard the migration of this mobile nuclide [4.3.2]. 
This process has been studied in the context of the KBS-3 type repository (Grandia et al. 
2008, Bosbach et al. 2010) and to derive radium solubility limits. If Ra and Ba are 
released simultaneously from spent nuclear fuel, it is suggested that Ra will be readily 
incorporated into the precipitating BaSO4 to form Ra-Ba-sulphate solid solution, which 
would immobilise the otherwise mobile Ra. The likelihood and mechanism for this co-
precipitation is not yet established because Ba and Ra have different sources (Ba is a 
fission product and Ra is formed by U decay) and, therefore, these elements may be 
released at different times or rates from the spent nuclear fuel.  

Experimental results show that, even if Ra and Ba do not precipitate at the same time, in 
the long term there is a significant uptake of Ra into the bulk of barite crystals already 
formed (Bosbach et al. 2010). Barium is also present as a trace element in bentonite 
(approximately 325 ppm in commercial MX-80, i.e. the reference bentonite buffer 
material) (Curti & Wersin 2002, Table 5.3) and in groundwater (1–2 ppm at Olkiluoto, 
Pitkänen et al. 2004). The chemical form of Ba in the bentonite is, however, uncertain 
and it is not obvious whether it will co-precipitate with radionuclides to form insoluble 
barite. 

Precipitation and co-precipitation will retard radionuclide transport if they occur on 
solid surfaces. Precipitation is considered to be irreversible unless a change in 
geochemical conditions causes the solid phases to redissolve.  

As the iron insert corrodes, and solid secondary alteration products are formed, there is 
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the potential for radionuclides to be directly incorporated into these phases 
(mineralisation). Similarly as radionuclides reach their solubility limits they may be 
incorporated in solid phases precipitated or co-precipitated from solution. Therefore, 
this will contribute to the retardation of migration of radionuclides out of a breached 
canister. 

Radionuclides can form intrinsic colloids (e.g. an assemblage of very small fuel-derived 
particles) or pseudo-colloids (radionuclides adsorbed on the surface of colloidal 
particles) inside the canister. Suspended colloids can enhance the transport of certain 
radionuclides (e.g. Pu) within the canister [4.3.6]. It is unlikely, however, that colloids 
could be readily transported out of the canister to the buffer and beyond, because the 
buffer is designed to filter colloids [5.3.6]. In general, the stability and thus the mobility 
of colloidal systems are controlled by the grain size (1 nm to 450 nm) and the absolute 
surface potential (≥ ± 20 mV) of the dispersed particles and by the density of the 
particle. The stability of colloids depends significantly on canister water salinity. In 
saline water, colloids will form a sediment due to aggregation and flocculation because 
the salinity reduces the electrostatic repulsion between the clay particle surfaces. 

Overall, precipitation and co-precipitation are influenced by the following features of 
the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for inclusion in 
precipitates. 

 Temperature: has a first-order control on the solubility of radionuclides. 

 Pressure: can influence solubility limits and, thus, precipitation but is a second order 
control in the repository environment. 

 Material composition: the composition of the residual materials and natural 
compounds that may migrate into the canister may affect the precipitates that are 
formed. 

 Water composition: is a first-order control on the solubility limits and the presence 
of other dissolved elements controls the potential for co-precipitation to occur. 

Uncertainties in the understanding of the FEP: 

Although the precipitation of mineral phases including radionuclides can be derived in a 
straightforward way from thermodynamic data, kinetic constraints may inhibit the 
formation of any given solid phase. There is a lack of kinetic data under relevant 
conditions for many radionuclides (Wersin et al. 2012). 

Co-precipitation and solid solution formation have been studied only for specific 
systems, such as for pure carbonate and sulphate systems. The uncertainty in the 
evolution of near-field conditions is large and, therefore, this process is usually not 
considered in radionuclide transport modelling, which is a conservative approach. There 
are also few reliable thermodynamic data for solid solutions (Bruno et al. 2007). 

Radionuclides can form intrinsic colloids or pseudo-colloids inside the canister. The 
stability of colloids depends significantly on canister water salinity, whose evolution is 
affected by uncertainties. 

Couplings to other FEPs: 

Precipitation and co-precipitation are directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
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 Heat transfer [3.2.3] 
 Radiolysis of the canister water [3.2.6] 
 Corrosion of the cladding tubes and metallic parts of the fuel assembly [3.2.7] 
 Alteration and dissolution of the fuel matrix [3.2.8]  
 Aqueous solubility and speciation [3.3.1] 
 Sorption [3.3.3] 
 Corrosion of the cast iron insert [4.2.6] 

Precipitation and co-precipitation directly affect the following FEPs: 

 Aqueous solubility and speciation [3.3.1] 
 Sorption [3.3.3] 
 Diffusion in fuel pellets [3.3.4] 
 Aqueous solubility and speciation (in the canister) [4.3.1] 
 Precipitation and co-precipitation (in the canister) [4.3.2] 
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3.3.3 Sorption 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Ion exchange; Physical adsorption  3.3.2 

General description: 

Sorption is a general term describing the attachment of dissolved species to mineral 
surfaces. It includes ion exchange, physical adsorption and surface complexation. 
Sorption can also be considered as the precursor to precipitation.  

The updated geochemical database for a KBS-3V type repository at the Olkiluoto site 
(Wersin et al. 2012a, 2012b), includes sorption data for actinides (Th, Pa, U, Np, Pu, 
Am, Cm), elements of the groups IA to VIIA (C, Cs, Sr, Ra, Se, Sn, I, Cl), transition 
elements (Zr, Ni, Nb, Co, Mo, Tc, Pd, Ag) and lanthanides (Eu, Sm). 

Sorption is element specific and depends strongly on the surface characteristics of the 
solid phase. Under the ambient geochemical conditions, the likely sites for sorption 
associated with spent nuclear fuel will be the alteration products from UO2 degradation 
[3.2.8] and the corrosion products of the steel components of the fuel assembly [3.2.7]. 
Due to the non-reactive nature of zirconium and nickel based alloys, sorption onto the 
cladding tubes and other components of the fuel assembly is not likely to be significant. 

The greatest sorption potential within the canister will, however, be provided by the 
very large surface area of the cast iron insert and its corrosion products [4.3.3].  

Overall, sorption is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for sorption. 

 Temperature: is a control over the kinetics of radionuclide sorption. 

 Material composition: the composition of the fuel and the metallic components of 
the fuel assembly will affect their sorption capacity. 

 Water composition: particularly redox and the concentration of dissolved species 
can affect the solubility and sorption potential. 

Uncertainties in the understanding of the FEP: 

Although the conceptual understanding of sorption is well established, radionuclide 
sorption onto spent nuclear fuel and the metallic parts of the fuel assembly is not well 
quantified, but will not be as significant as for other materials, such as the cast iron 
insert or the buffer. 

Couplings to other FEPs: 

Sorption is directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
 Corrosion of the cladding tubes and metal parts of the fuel assembly [3.2.7] 
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 Alteration and dissolution of the fuel matrix [3.2.8]  
 Aqueous solubility and speciation [3.3.1] 
 Precipitation and co-precipitation [3.3.2] 
 Corrosion of the cast iron insert [4.2.6] 

Sorption directly affects the following FEPs: 

 Aqueous solubility and speciation [3.3.1] 
 Precipitation and co-precipitation [3.3.2] 
 Diffusion in fuel pellets [3.3.4] 
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3.3.4 Diffusion in fuel pellets 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Athermal diffusion 3.3.1 

General description: 

Under repository conditions, fission and activation products generated in the fuel will 
slowly migrate (diffuse) within the spent nuclear fuel pellet (UO2 matrix) by athermal 
diffusion. Athermal diffusion is radiation-induced diffusion of the most mobile 
radionuclides (e.g. Cs-137 and Cs-135, I-129, Cl-36, C-14) present in the UO2 lattice to 
void spaces such as cracks in the fuel pellets, gaps between the fuel and the cladding or 
grain boundaries. 

Radiogenic heat will cause the peak temperature of the fuel to be reached within a few 
years after disposal, and it will then take around 5000 years for the spent nuclear fuel 
and the canister to cool to around 20 °C, assuming that the ambient temperature is about 
10 °C [3.2.2]. Although these temperatures do not allow solid state thermal diffusion 
after disposal, they do allow athermal diffusion of the mobile radionuclides in the fuel 
pellet to the gaps and grain boundaries from which they can be rapidly released [3.2.9]. 

Alpha radiation is the only type of radiation capable of inducing athermal diffusion 
because it has the potential to change the physical and chemical behaviour of the fuel 
over the long term by forming defects in the UO2 lattice and by helium generation 
[3.2.10]. The rate of athermal diffusion is dependent on the rate of alpha decay which 
reduces over time but continues for hundreds of thousands of years due to the long-half 
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life of some of the alpha emitters [3.2.1]. 

Athermal diffusion is such a slow process that it cannot be experimentally studied in 
disposal conditions. A number of theoretical models have been applied to estimate the 
significance of this process with respect to the migration of fission products in fuel 
pellets (Lovera et al. 2003, Olander 2004; Ferry et al. 2005, 2008; Van Brutzel & 
Crocombette 2007; Martin et al. 2009). 

Most theoretical studies estimate diffusion coefficients due to alpha self-irradiation to 
be low and in the range 10-25 to 10-29 m2/s after 100 years of alpha decay. A diffusion 
coefficient of 10-25 m2/s has been proposed for the first few decades, decreasing over 
time proportionally with the alpha-activity of the spent nuclear fuel (Lovera et al. 2003). 
However, this value is probably an overestimation, because the authors did not take into 
account alternative mechanisms for the loss of Pb from the Oklo uraninite, on which 
their diffusion coefficient is based (SKB 2010, Section 2.4.2).  

Analyses of the thermal spike produced in the UO2 lattice due to alpha decay, typically 
producing a particle of kinetic energy 5 MeV and a recoil atom of ~ 100 keV, showed 
that it could cause athermal diffusion (Olander 2004). The diffusion coefficient 
calculated for Xe as a result of the thermal spike integrated over all alpha decays was 
10-30 m2/s.  

It has been concluded that the athermal diffusion mechanism does not have a significant 
influence on radionuclide release if the diffusion constant is less than 10-26 m2/s (Werme 
et al. 2004). This corresponds to an atomic average movement of 0.5 microns in 
106 years. For spent nuclear fuel with an assumed burn-up of up to 60 MWd/kg and a 
minimum cooling time of 20 years, this means that athermal diffusion is not expected to 
increase the instant release fraction of the inventory (Olander 2004).  

This conclusion is supported by other studies. Investigation of the behaviour of iodine 
in UO2 irradiated with heavy ions to simulate the effect of alpha radiation showed no 
measurable displacement (< 50 nm) within the matrix (Ferry et al. 2005, 2008). It was 
concluded from the modelling and experimental results, that the release of fission 
products to grain-boundaries would not be significant even in the long term. This 
conclusion is valid both for the centre of the fuel pellet and for the rim although there 
are higher uncertainties in the latter case. 

Modelling of ballistic collisions and the additional point defects created during cascades 
showed that, in all cases, the derived athermal diffusion coefficients were < 10-26 m2/s 
(Van Brutzel & Crocombette 2007). Additional molecular dynamics modelling of the 
contribution of radiation-induced diffusion to the diffusion of lattice atoms in UO2 over 
a large temperature range of 300–1400 K showed that the effect of radiation-induced 
diffusion was negligible compared with thermally activated diffusion under long-term 
storage conditions (Martin et al. 2009). 

The natural analogue observations from Oklo support a low value for the diffusion 
coefficient for alpha self-irradiation enhanced diffusion. It has been concluded that the 
diffusion coefficient of Pb at low temperatures in the Oklo uraninites was vanishingly 
small (Evins et al. 2005).  

Combined, these studies all indicate that athermal diffusion is insignificant for the 
accumulation of the labile fraction in the gaps and grain boundaries after waste 
emplacement. 

Overall, diffusion of radionuclides within the fuel rods (including gaps and grain 
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boundaries) is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for diffusion. 

 Temperature: relevant in the reactor but not in the repository where temperatures 
will be much lower. 

 Mechanical stress: can cause cracking of the fuel pellets (during reactor operation) 
and increase the rate of bulk diffusion from the pellets after emplacement. 

Uncertainties in the understanding of the FEP: 

Athermal diffusion cannot readily be measured experimentally so the diffusion 
coefficient in the fuel pellet is, therefore, known only to the nearest order of magnitude. 
It is concluded, however, that the diffusion coefficient is so low that the process will 
make a negligible contribution to the instant release fraction.  

Couplings to other FEPs: 

Diffusion of radionuclides in the fuel pellet is directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
 Heat transfer [3.2.3] 
 Structural alteration of the fuel pellets [3.2.4] 
 Alteration and dissolution of the fuel matrix [3.2.8]  
 Aqueous solubility and speciation [3.3.1] 
 Precipitation and co-precipitation [3.3.2] 
 Sorption [3.3.3] 

Diffusion of radionuclides in the fuel pellet directly affects the following FEPs: 

 Alteration and dissolution of the fuel matrix [3.2.8] 
 Release of the labile fraction of the inventory [3.2.9] 
 Production of helium gas [3.2.10] 
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4 CANISTER  

4.1 Description 

The canister for the KBS-3V type repository is designed for the encapsulation of entire 
fuel assemblies, and includes a number of sub-components, as shown in Figure 4-1: 

 the copper overpack which provides corrosion resistance; 

 the cast iron insert which provides mechanical strength and contains a number of 
channels for the fuel assemblies; and 

 the internal void spaces between the fuel assemblies and the cast iron insert. 

Initially, all of the void spaces will be filled with argon but, if the canister fails, the 
voids will become water filled. This canister water will be derived from groundwater 
that has first equilibrated with the bentonite buffer and later with the corrosion products 
of the cast iron insert. 

Copper is used for the overpack material because of its well-known properties, its good 
thermal and mechanical characteristics, and for its resistance to corrosion in general and 
especially in the water-saturated, chemically reducing environment expected at 
repository depths in Finnish bedrock. Cast iron is used for the insert to provide 
mechanical strength, radiation shielding and to maintain the fuel assemblies in a sub-
critical configuration. The iron also provides a redox buffer to ensure chemically 
reducing conditions under which many radionuclides are poorly soluble. To enable 
fabrication of the canister, there will initially be a narrow annular gap between the cast 
iron insert and the copper overpack (Canister Production Line). 

 

 

 

 

 

 

 

 

 

Figure 4-1. Copper-iron canisters for the spent nuclear fuel from the Loviisa 1-2 
(VVER-440), Olkiluoto 1-2 (BWR) and Olkiluoto 3 (PWR) reactors from left to right. All 
variants of the canister have the same outer diameter of 1.05 m. The height ranges from 
3.55 to 5.20 m. Illustration by Posiva Oy.  
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There are currently three versions of the canister, one for each spent nuclear fuel type 
produced in Finland (Figure 4-1). The canister design for spent nuclear fuel from the 
planned Olkiluoto 4 (OL4) reactor is not yet known but in this safety case it is expected 
to be similar to the Olkiluoto 3 (OL3) canister. The design and dimensioning analyses 
of the copper-iron canisters for spent nuclear fuel are presented in Raiko (2012) and the 
principal dimensions are summarised in Table 4-1. 

The canister materials and the casting process are being developed to achieve specific 
design objectives and tolerances. The copper is oxygen-free, high conductivity copper 
(Cu-OF) with the addition of 30 to 100 ppm of phosphorus (Raiko 2012). This micro-
alloying improves the creep strain properties of Cu-OF, thus lowering the risk of 
cracking in hot deformation processes during manufacturing and during postulated 
mechanical loads in the repository. The insert is made of nodular graphite cast iron. The 
lid of the insert is made of structural steel. 

 

Table 4-1. Main dimensions and masses of canisters for different types of spent nuclear 
fuel. From Raiko (2012). 

 Loviisa 1−2 
(VVER-440) 

Olkiluoto 1−2 
(BWR) 

Olkiluoto 3 
(PWR) 

Outer diameter (m) 1.05 1.05 1.05 

Height with flat bottom end* (m) 3.552 4.752 5.2225 

Thickness of copper cylinder, nominal, (mm) 49 49 49 

Thickness of copper lid and bottom, nominal, (mm) 50 50 50 

Thickness of iron insert bottom nominal** (mm) 70 60 85 

Number of fuel assemblies 12 12 4 

Amount of spent nuclear fuel (tU) 1.4 2.2 2.1 

Void space with fuel assemblies (m3) 0.61 0.95 0.67 

Mass of fuel assemblies (ton) 2.6 3.6 3.2 

Mass of iron (ton) 8.6 10.6 15.8 

Mass of steel (ton) 2.0 3.0 2.1 

Mass of copper* (ton) 5.6 7.3 8.0 

Total canister mass gross* (ton) 18.8 24.5 29.1*** 

Total area of canister outside surface* (m2) 13.67 17.63 19.18 

Total volume of canister* (m3) 3.03 4.07 4.46 

*   If the welded base alternative is used for the copper overpack, then the total length increases 

 +75 mm, the total surface area +0.45 m2, the total canister volume +0.024 m3 and the copper 
 mass and the total canister mass +0.21 ton. 

**  The total bottom thickness is the sum of cast iron thickness and the steel cassette bottom plate 
thickness. 
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The spent nuclear fuel will be sealed in the canisters as whole fuel assemblies, one per 
channel in the cast iron insert. The assemblies will be vacuum dried to remove residual 
cooling pool water, and the void spaces in the canister will be purged with argon to 
expel air. This is to minimise the potential for the generation of corrosive radiolytic 
oxidants and nitric acid (see 3.2.4 and 3.2.5) inside the canister. Nonetheless, it is 
conservatively assumed that a maximum of 600 grams of residual water may be present 
inside a sealed canister within fuel rods that leaked in the cooling pools. 

After loading of the fuel assemblies, the canister will be closed and the lid welded into 
place. The outer surfaces of the weld will be machined and the entire weld inspected 
with non-destructive means to ensure it is water and gas tight. After loading, the canister 
will be stored prior to emplacement in the repository. The canister temperature 
(measured on the external surfaces) increases within a few days by 50–100 °C, 
depending on the internal radiogenic heat generation and the ventilation conditions in 
the canister storage area. 

Posiva and SKB are carrying out a joint programme to develop methods to manufacture, 
seal and inspect copper-iron canisters for spent nuclear fuel.  

4.1.1 Long-term safety and performance 

The safety function of the canister is to ensure a prolonged period of containment of the 
spent nuclear fuel. This safety function rests first and foremost on both the mechanical 
strength of the canister’s cast iron insert and the corrosion resistance of the copper shell 
surrounding it. It is intended that the canister shall, with the exception of incidental 
deviations, retain its favourable properties over hundreds of thousands of years (Design 
Basis). 

The ability of the canister to provide its containment safety function over the long term 
depends on its initial state, and on the corrosion process and mechanical loads applied 
during its evolution. The majority of canisters will be intact at the time of emplacement. 
A few canisters may, however, have an initial defect (penetrating or non-penetrating) 
that, if present, is most likely to be located in the lid weld. Although the welds will be 
inspected, it is possible that a small number of these defective canisters may be 
emplaced in the repository, thus affecting the canister’s initial state.  

The main driver for corrosion of the copper shell, in the short term, will be residual 
oxygen introduced during operation of the repository and, in the longer term, the 
sulphide ions present in the groundwater, buffer and backfill. The main mechanical 
loads applied to the canister will be caused by uneven swelling of the buffer, isostatic 
loads from the presence of a future ice sheet, and the possibility of a shear load due to a 
rock displacement. 

4.1.2 Overview of the potentially significant FEPs 

There are a number of processes that are considered to be potentially significant for the 
long-term safety performance of the canister that relate to system evolution and to the 
migration of radionuclides and other substances.  
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Processes related to system evolution are: 

4.2.1  Radiation attenuation 

4.2.2  Heat transfer 

4.2.3  Deformation 

4.2.4  Thermal expansion of the canister 

4.2.5  Corrosion of the copper overpack 

4.2.6  Corrosion of the cast iron insert 

4.2.7  Stress corrosion cracking 

Processes related to the migration of radionuclides and other substances are: 

4.3.1  Aqueous solubility and speciation 

4.3.2  Precipitation and co-precipitation 

4.3.3  Sorption 

4.3.4  Diffusion 

4.3.5  Advection 

4.3.6  Colloid transport 

4.3.7  Gas transport 

 
These processes are each potentially affected by a number of features of the repository 
system that can influence the occurrence, rate, activity and potential couplings between 
the processes. These features relate either to aspects of the design of the repository or to 
parameters (characteristics) of the copper canister that might be time-dependent during 
the repository lifetime. The most significant features are: 

 Radionuclide inventory 

 Temperature 

 Pressure 

 Canister geometry 

 Mechanical stresses 

 Material composition 

 Water composition 

 Gas composition. 

 
The possible influences of these features on the processes considered to be significant 
for the long-term safety of the canister are described in each FEP description, and are 
summarised in Table 4-2.  

Many of the processes occurring within the canister are interdependent and directly 
coupled to each other. For example, corrosion of the cast iron insert [4.2.6] will affect 
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the sorption capacity [4.3.3] (via material and water composition). The direct couplings 
are listed in each FEP description, and are summarised in the matrix shown in Table 
4-3.  

Similarly, due to the complex interactions between the various parts of the disposal 
system, the evolution of the canister can influence (or be influenced by) processes 
occurring in other parts of the repository through the interactions between various FEPs. 
For example, heat transfer in the canister [4.2.2] will drive heat transfer in the bentonite 
buffer [5.2.1]. The interactions between the canister and other components of the 
disposal system are summarised in Table 4-4. 
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Table 4-2. Possible influences of features of the disposal system on the processes considered to be significant for the long-term 
performance of the canister (marked with Y). These influences and couplings are discussed in more detail in each FEP description. 
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Processes related to system evolution: 

4.2.1  Radiation attenuation  Y Y Y

4.2.2  Heat transfer Y Y Y Y Y 

4.2.3  Deformation  Y Y Y Y Y Y

4.2.4  Thermal expansion of the canister Y Y Y Y Y Y

4.2.5  Corrosion of the copper overpack Y Y Y Y

4.2.6  Corrosion of the cast iron insert Y Y Y Y Y Y

4.2.7  Stress corrosion cracking Y Y Y Y Y Y

Processes related to the migration of radionuclides and other substances: 

4.3.1  Aqueous solubility and speciation Y Y Y Y Y

4.3.2  Precipitation and co-precipitation Y Y Y Y Y

4.3.3  Sorption Y Y Y Y Y

4.3.4  Diffusion Y Y Y Y Y 

4.3.5  Advection Y Y Y Y

4.3.6  Colloid transport Y Y Y Y Y

4.3.7  Gas transport Y Y Y Y Y Y Y 
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Table 4-3. Possible couplings between FEPs within the canister considered significant for the long-term performance of the disposal 
system. The numbers on the leading diagonal refer to the FEPs listed in Section 4.1.2. As an example of how to read this table, the blue 
coloured square means that “Corrosion of the cast iron insert” [4.2.6] directly affects “Sorption” [4.3.3]. 
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Table 4-4. Interaction matrix for the canister. FEPs in italics are addressed in other chapters. A short name for some of the FEPs is used 
in the table: IRF (Release of the labile fraction of the inventory), Precipitation (Precipitation and co-precipitation). 
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4.2 System evolution FEPs 

The key function of the canister is to contain the spent nuclear fuel and, hence, limit the 
release of radionuclides into the host rock and the surface environment by natural 
transport processes. This is achieved through the resistance of the copper canister to 
corrosion and the structural strength of the cast iron insert. Various radiation, thermal, 
chemical and mechanical processes (and their couplings) will affect the evolution of the 
cast iron insert and the copper overpack of the canister. The most important potential 
consequence is failure of the canister that would ultimately allow groundwater to 
penetrate the void space and come into contact with the fuel. The following descriptions 
summarise each of these processes and the effects of the different features on them. The 
couplings between processes are identified, but the analyses and consequences of these 
couplings are dealt with in Performance Assessment. 

4.2.1 Radiation attenuation  

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 4.2.1 

General description: 

Radiation will be emitted due to radioactive decay within the spent nuclear fuel and 
some of this radiation will penetrate out to the iron and copper metal of the canister. The 
radiation field will reduce over time in a direct relationship to decay, although in-growth 
of daughter radionuclides will also affect the radiation field over time [3.2.1].  

The alpha and beta radiation is poorly penetrating and will largely be attenuated by the 
fuel matrix itself. The primary radiation-related process in the canister is, therefore, 
attenuation of gamma and neutron radiation within the massive cast iron insert and, to a 
lesser extent, the copper shell of the canister. 

The rate of radiation attenuation is, in part, controlled by the design of the canister, with 
the gamma dose rate being halved for every 20 to 25 mm thickness of the iron insert. 
Radiation attenuation by the canister has been calculated to reduce the maximum post-
encapsulation radiation dose rates from 100 Sv/h at the spent nuclear fuel surface to 
200 mSv/h at the outer surface of the copper canister for gamma radiation, and from 
30 mSv/h to 10 mSv/h for neutron radiation (Anttila 2005).  

This substantial radiation attenuation will have a number of effects, the most significant 
being the generation of thermal energy (heat) directly in the metal. The greatest 
influence on the near-field temperature will, however, be the decay heat generated 
directly by radioactive decay in the spent nuclear fuel pellets [3.2.2]. 

A secondary effect of gamma and neutron radiation attenuation is minor material 
changes to the canister metals (e.g. altered yield stress and creep rates, enhanced solute 
segregation, dimensional changes and increased brittleness). Of these, embrittlement of 
iron could be the most problematic because it can affect the mechanical strength of the 
cast iron insert and make it more prone to failure under loading.  

The radiation sensitivity of iron and steel materials is determined by their chemical 
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composition. Phosphorous, copper and nickel contents increase the susceptibility of 
steel to radiation embrittlement. Empirical relationships between fast neutron fluence 
and the chemical composition of steels, and the degree of radiation embrittlement, have 
been developed from a large body of experimental data on reactor pressure vessel steels. 
These studies indicate that detectable embrittlement effects do not occur until the fast 
neutron fluence exceeds a threshold of around 1019 neutrons/cm2 (ASME 1983).  

In comparison, the calculated neutron fluence that will impinge upon the canister metal 
over 100,000 years is several orders of magnitude less than this threshold, at 
4·1015 neutrons/cm2 (Ranta-aho 2008). The peak radiation field and, therefore, 
attenuation will be reached shortly after disposal and is directly related to gamma and 
neutron radiation. The gamma radiation is due largely to the radioactive decay of 
Cs-137 which has a half-life of approximately 30 years. The period of gamma radiation 
attenuation is, therefore, limited to less than the first thousand years. 

Studies on the effect of radiation on the canister during long-term disposal have shown 
that the magnitude of any physical property changes, e.g. yield stress, creep rates, 
enhanced solute segregation, dimensional changes, or brittleness, resulting from 
radiation exposure will be negligible (e.g. Guinan 2001). In some recent studies, 
however, it has been claimed that even if dose rates are low, they can have adverse 
effects on material properties in some cases (Brissonneau et al. 2004; Sandberg & 
Korzhavyi 2009). It has been argued that long time scales and, for instance, low 
temperature may increase the effects of neutron and gamma radiation in disposal 
canisters. Copper has been shown to increase the susceptibility of steel to radiation 
embrittlement (Brissonneau et al. 2004). The highest degree of embrittlement was 
observed in steel containers with copper contents in the range 0.05 to 0.25 %. To 
minimise the risk of radiation embrittlement in the disposal canister, the copper content 
of the iron used to manufacture the insert is specified to be less than 0.05 %.  

Taking account of the dose rate from the fuel and the composition of the canister metal, 
it is considered very unlikely that the mechanical integrity of a canister will be 
significantly affected by radiation attenuation and embrittlement processes, and no 
detectable material damage or ageing effects are expected (Raiko 2012). 

Overall, radiation attenuation by the canister metal is influenced by the following 
features of the repository system. 

 Radionuclide inventory: defines the time (decay) dependent radiation intensity and, 
therefore, the dose rate experienced by the metal. 

 Canister geometry: particularly the canister thickness, which controls the total 
amount of radiation attenuation that occurs. 

 Material composition: alters the susceptibility of metals to embrittlement. 

Uncertainties in the understanding of the FEP: 

The time-dependent radiation field and dose to the canister metals is readily calculated, 
as is the amount of attenuation in the canister metals. There are no significant 
uncertainties. 

Couplings to other FEPs: 

Radiation attenuation by the canister metals is directly affected by the following FEP: 

 Radioactive decay (and in-growth) [3.2.1] 
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Radiation attenuation by the canister metal directly affects the following FEPs: 

 Heat generation (in the spent nuclear fuel) [3.2.2] 
 Criticality (if it were to occur) [3.2.11] 
 Heat transfer [4.2.2] 
 Thermal expansion of the canister [4.2.4] 
 Radiolysis of porewater (in the buffer) [5.2.5]  
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4.2.2 Heat transfer 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 4.2.2 

General description: 

Heat will be generated primarily by radioactive decay in the fuel [3.2.2] and, to a lesser 
extent, by radiation attenuation in the canister metals [4.2.1]. 

This heat will be transferred through the copper canister to the bentonite buffer by 
conduction directly through the metals and by radiation across the void spaces within 
the canister. Convection may also be an important means of heat transfer after the 
canister has been breached and groundwater has flooded the void spaces. The canister 
surface temperature evolution in different conditions is shown in Figure 4-2. 

The rate of heat transfer through the copper canister is controlled by: 
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 the thermal conductivity of the iron and copper metals; and 

 heat transfer processes in the canister void spaces and the bentonite buffer that 
control the time-dependent temperature gradient across the canister metals. 

Both iron and copper have very high thermal conductivities and, thus, there should be 
only very small temperature differentials in them. The gap between insert and overpack, 
however, causes a steep change in the temperature that depends on the thermal 
emissivity of the respective surfaces on both sides of the gap. In addition, the possible 
gas content of the gap has an effect on the thermal conductivity over the gap. The 
dimension of the gap between the insert and the overpack is set with strict tolerances so 
that no contact is possible during the thermal phase (Ikonen & Raiko 2012). 

Heat transfer through the copper canister will occur in all time frames, but the rate will 
be greatest immediately after emplacement when the maximum radiogenic heat output 
occurs [3.2.2], and there is the greatest thermal gradient across the canister and the near 
field.  

The strategy for emplacing waste and the thermal dimensioning of the repository are 
both designed to ensure that the temperature on the outside surface of the canister never 
exceeds 100 °C in the repository. The maximum temperature on the canister surface 
will be reached in around 10–15 years after emplacement, and the maximum 
temperature in the near-field rock will be reached in 50–100 years due to the lower 
 

 

Figure 4-2. Canister surface temperature estimates in the central area of the repository 
using the two extreme saturation degrees for the bentonite buffer. The calculations 
assume fuel with a burn-up of 50 MWd/kgU, canister separation distances of 10.5 m / 
25 m, and a buffer conductivity of 1.0 W/(m·K) in initial (dry) condition and 
1.3 W/(m·K) in its saturated condition. In the initial condition, there is a 10 mm air gap 
between the canister and the buffer but, in saturated conditions, the gap is closed. The 
outer 50 mm gap between buffer and rock is assumed to be filled with bentonite pellets 
that have a conductivity of 0.2 W/(m·K) in initial condition and 0.6 W/(m·K) when 
saturated. After Raiko (2012). 
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thermal conductivity of bentonite. It will then take of the order of 50,000 years for the 
buffer/rock interface to cool down to the ambient temperature of about 11–12 °C 
defined by the natural geothermal gradient at the site (Raiko 2012). 

Overall, heat transfer through the canister is influenced by the following features of the 
repository system. 

 Radionuclide inventory: defines the radiogenic heat output and the heat generated 
by attenuation. 

 Temperature: the temperature gradient controls the rate of heat transfer. 

 Canister geometry: controls the heat flow across the canister, especially the material 
thicknesses and void spaces. 

 Material composition: controls the rate of heat transfer by conduction across the 
canister metals. 

 Gas composition (and thermal conductivity): controls the rate of heat transfer by 
radiation from the spent nuclear fuel to the canister metal. 

Uncertainties in the understanding of the FEP: 

The thermal conductivities of the cast iron insert and copper overpack materials are very 
well known. However, the emissivity of copper and the size of the copper-iron gap and 
its evolution are less well known. Overall, the uncertainties associated with heat transfer 
within the canister are small. 

Couplings to other FEPs: 

Heat transfer through the canister is directly affected by the following FEPs:  

 Heat transfer (in the spent nuclear fuel) [3.2.3] 
 Radiation attenuation [4.2.1] 
 Heat transfer (in the buffer) [5.2.1] 

Heat transfer through the canister directly affects the following FEPs:  

 Deformation [4.2.3] 
 Thermal expansion of the canister [4.2.4] 
 Corrosion of the copper overpack [4.2.5] 
 Corrosion of the cast iron insert [4.2.6] 
 Stress corrosion cracking [4.2.7]  
 Aqueous solubility and speciation [4.3.1] 
 Precipitation and co-precipitation [4.3.2] 
 Sorption [4.3.3] 
 Diffusion [4.3.4] 
 Advection [4.3.5] 
 Colloid transport [4.3.6] 
 Gas transport [4.3.7] 
 Heat transfer (in the buffer) [5.2.1] 
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4.2.3 Deformation  

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Deformation of the canister 4.2.3 and 4.2.4 

General description: 

Large loads and pressures will be imposed on the canister due to both internal and 
external sources. The nature of these loads and their potential for causing deformation 
is, to some extent, dependent on whether the canister is intact or has been breached. 

The overpack is made of hot-deformed copper that is a soft, very ductile and highly 
corrosion-resistant material. Consequently, the overpack will deform when subjected to 
increased loads. The ability of the canister as a whole to resist deformation is, therefore, 
largely provided by the strength and stiffness of the massive cast iron insert.  

Internal loads whilst the canister is intact 

Whilst the canister remains intact, any internal pressures that are imposed on it may be 
due to either the development of a gas pressure or from thermal loading. Gases can be 
produced inside an intact canister by a number of processes. Any free water present 
(e.g. trapped within fuel rods) can produce hydrogen gas by either direct corrosion of 
the iron insert or by radiolysis [3.2.5]. The amount of residual water in the canister is so 
small, however, that it cannot lead to any significant increase in the internal pressure 
and will not result in deformation of the canister. Helium gas will also be produced 
inside the canister as a direct consequence of radioactive decay within the spent nuclear 
fuel [3.2.10] but, again, this will not result in any significant gas pressure or 
deformation of the canister.  

Heat transfer and the resulting thermal gradients across the canister [4.2.2] may cause 
larger internal loads due to thermal deformation and expansion [4.2.4]. After 
emplacement, the temperature on the outside of the copper overpack will rise rapidly to 
a maximum of around 100 °C and it will then cool to around 10 °C within a few 
thousand years. The thermal expansion coefficient of iron is sufficiently low that it will 
not cause excessive deformation during expansion and shrinkage.  

The dimension of the gap between insert and overpack is set with strict tolerances so 
that no contact is possible during the thermal phase (Raiko 2012, Section 8.4.3). If the 
overpack is forced to deform plastically onto the surface of the insert (see below), due to 
the hydrostatic and swelling pressure, the copper overpack will remain in a compressive 
stress state until the temperature decreases. This will affect the heat transfer properties 
of the canister. Cooling will then eliminate the compressive stress or convert it to a 
small tensile stress in the worst assumed combination of conditions (Raiko 2012, 
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Section 8.4.3). 

Internal loads after the canister is breached 

Except for the possibility of an initial penetrating defect, canister failure is not expected 
to occur for many tens of thousands of years, and after near-field temperatures have 
cooled to ambient levels. At this time, the thermal output from the spent nuclear fuel 
will be very low and, consequently, thermal loading is not expected to result in any 
increased rates of deformation after canister failure. 

After the canister has failed, however, groundwater will penetrate into the void spaces 
and begin to corrode the iron insert under anaerobic conditions causing hydrogen gas 
generation and the formation of solid corrosion products [4.2.6]. The gas pressure will 
be equalised across the canister due to the penetrations and, consequently, will not result 
in any net increase in the load.  

The solid products of anaerobic iron corrosion are iron oxides and iron oxy-hydroxides, 
both of which are associated with a volume increase. Their formation may, therefore, 
cause an increase in pressure within the canister, especially if they form within the 
annular gap between the iron insert and the copper overpack. The larger volume 
occupied by the corrosion products may cause, with time, an increase of the internal 
mechanical pressure against the copper overpack, which may eventually lead to local 
deformation of the canister (SKB 2010, Section 3.4.5). In time, the corrosion rate slows 
down when a protective layer of corrosion products is formed. 

External loads 

Continuous, time-dependent external loads will be imposed on the canister due to the 
hydrostatic pressure and swelling of the bentonite buffer.  

The hydrostatic pressure from groundwater is a symmetric and evenly distributed 
external load. Its magnitude depends on the height of the groundwater column and, 
under normal conditions in Finland, this approximates to the depth of the repository 
below ground. During glaciation, however, the hydrostatic pressure will be increased by 
the thickness of the ice sheets [10.2.2].  

The bentonite swelling pressure is caused by expansion of the bentonite mineral grains 
as they absorb groundwater [5.2.2]. During water uptake and resaturation, the rate of 
swelling may be uneven which will impose differential pressures on a canister but, as 
complete swelling is achieved, the swelling pressure is expected to become symmetric 
and evenly distributed on the copper canister. Any differences in initial bentonite 
density may, however, cause some variation in the final swelling pressure and the 
potential differential loads were examined in canister mechanical design (Raiko 2012). 

The combined loading due to the hydrostatic and bentonite swelling pressures will be 
imposed on the copper overpack, which will deform plastically or by creep, causing the 
annular gap between it and the cast iron insert to close. These external pressures will, 
therefore, be transmitted to the cast iron insert. Plastic collapse of the cast iron insert 
due to the gradual increase in hydrostatic and bentonite swelling pressures has been 
tested and modelled under postulated repository conditions, and the results show that 
the cast iron insert can withstand these external pressures (including glacial loading) by 
a large margin and retain its structural integrity. This is summarised in the Canister 
Design Report (Raiko 2012) and the Design Analysis Report for the Canister (Raiko et 
al. 2010, Section 8.3). 

The creeping of copper and especially the copper EB-weld has been examined for 
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canister reliability and lifetime (Aalto 1998, Holmström et al. 2012). The copper 
overpack undergoes creep due to external loading in elevated temperature until the 
copper overpack comes into contact with the cast iron insert that is essentially the load 
bearing member of the canister structure. The gap between the copper overpack and the 
insert is designed to avoid excessive copper creep during the external loading by the 
buffer. The maximum creep strain will affect the inner corners near the lid or the 
bottom. It will however reach only some per cent, at maximum (Holmström et al. 2012). 
In the cylindrical wall of the canister the creep strains remain low. Thus the copper and 
even the copper EB-weld creeping properties are ductile enough to bear this kind of 
deformation. Savolainen et al. (2012) studied the plastic deformation of the base 
materials compared to that of FSW and EBW welds. They found that, while the base 
material deforms uniformly, the deformation in the weld material is localised. 
Differences in plastic deformation have been observed between the FSW and EBW 
(Savolainen et al. 2012).  

In addition to continuous hydrostatic and bentonite swelling pressures, the canister may 
be subjected to instantaneous external shear loads due to rock movements initiated by 
either isostatic (glacial) or tectonic processes [8.2.3]. If the shear plane intersects the 
deposition hole in the most unfavourable location (i.e. mid-height and perpendicular to 
its axis) it may cause high plastic strains in the rounding radii of the lid or bottom and in 
the singularities in the lid weld root, potentially leading to canister failure. It has been 
estimated that the canister would survive a rock shear displacement of 5 cm with a 1 m/s 
velocity but would fail if the displacement was 10 cm (Raiko et al. 2010; Hernelind 
2010). Such rock movements are considered unlikely at Olkiluoto except, possibly, 
during deglaciation and the likelihood will be minimised by locating the deposition 
holes away from pre-existing fractures in the rock (La Pointe & Hermanson 2002; Hellä 
et al. 2009). The rheological properties of the buffer play an important role in 
determining the consequences of a rock shear movement on the canister. 

Creep of the cast iron insert has been neglected in the canister strength analyses based 
on the results of Martinsson et al. (2010). Brittle fracture of the cast iron insert under 
rock shear conditions has also been assessed. Brittle fracture is possible only for brittle 
materials, and the tendency for it to occur depends on material quality and the 
temperature. Testing of the cast iron material at 0 °C showed, however, that it displays 
ductile, not brittle, behaviour (Raiko et al. 2010). A series of high loading-rate tests 
were also conducted and the results showed that the static fracture resistance curves are 
representative even for dynamic loads, and higher loading rates do not lower the 
fracture resistance of the insert material at low temperatures (Raiko et al. 2010). Brittle 
fracture of the insert is, therefore, not considered to be an issue. 

Overall, deformation of the canister is influenced by the following features of the 
repository system. 

 Radionuclide inventory: controls the radiogenic heat output and the generation of 
helium gas pressure inside the intact canister. 

 Temperature: many material properties are temperature dependent. 

 Pressure: the internal and external pressures are the primary control on deformation, 
particularly the external hydrostatic and bentonite swelling pressures. 

 Canister geometry: in particular, the dimensions and shape of the canister have a 
significant control on its overall strength, stiffness, stress concentrations and 
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stability against buckling. 

 Mechanical stress: the dominant control on the deformation of the canister. 

 Material composition: is a direct control on the mechanical properties of the cast 
iron insert and copper overpack (strength, ductility, thermal expansion). 

Uncertainties in the understanding of the FEP: 

The mechanical behaviour of cast iron and copper is well known from industrial 
analogues. The dimensions and fitting of the overpack and the insert are defined so that 
the gap is large enough for installation and for moderate thermal deformation yet small 
enough that there is no possibility for excessive plastic deformation or creep of the 
copper overpack.  

The main uncertainties concern the long-term evolution of the geosphere and the 
possibility of a rock shear in the vicinity of a canister. In particular, the rock shear 
magnitude and velocity are uncertain as well as the evolution of the rheological 
properties of the buffer bentonite and the canister metals at low temperature (if it is 
assumed that a rock shear movement could happen in conjunction with a glaciation). 
The effectiveness of using rock suitability classification criteria to avoid such rock shear 
movement remains to be proven. 

Couplings to other FEPs: 

Deformation of the copper canister is directly affected by the following FEPs: 

 Heat transfer [4.2.2] 
 Thermal expansion of the canister [4.2.4] 
 Corrosion of the copper overpack [4.2.5] 
 Water uptake and swelling (in the buffer) [5.2.2] 
 Reactivation-displacements along existing fractures [8.2.3] 
 Glaciation [10.2.2] 

Deformation of the copper canister directly affects the following FEPs: 

 Stress corrosion cracking [4.2.7] 
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4.2.4 Thermal expansion of the canister 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Deformation of the canister 4.2.5 

General description: 

The temperature of the canister metal and the thermal gradients across it are controlled 
by the rate of internal (radiogenic) heat generation [3.2.2], and the rates of heat transfer 
through the canister [4.2.2], the bentonite buffer [5.2.1] and the near-field rock [8.2.1]. 
The canisters will reach their maximum temperature in the repository within 10 to 
15 years after disposal. The maximum temperature on the outside surface of the canister 
will not exceed 100 °C by design, but the internal temperature at the surface of the fuel 
may be close to 200 °C (Ikonen 2006). It has been shown that the temperature drop 
between the insert and the overpack at the beginning of the service life of the canister is 
65 °C at the most (Raiko 2012). 

The cast iron insert and the copper overpack will react to this initial heating and the 
resulting thermal gradient across the canister by thermal expansion. Copper has a higher 
thermal expansion coefficient than iron, and consequently the copper overpack will 
expand more than the iron insert (Figure 4-3 and Figure 4-4). In the absence of external 
pressure, this differential thermal expansion would cause the annular gap between the 
insert and the overpack to widen from its nominal size of 1.5 mm. Figures 4-3 and 4-4 
show that the gaps in the axial and radial directions are wide enough to allow thermal 
deformation of the canister materials even when there is a temperature difference
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Figure 4-3. The thermal expansion of canister components in the axial direction. The 
red arrow shows the allowable temperature difference (~65 °C) before there is contact 
between the insert and the shell. The green line shows the evolution of the gap in a 
constant temperature regime. From Raiko (2012, Figure 26). 

 
 

 

Figure 4-4. The gap and thermal expansion in the radial direction. The red arrow 
shows the allowable temperature difference before there is contact between the insert 
and the shell. The green line shows the evolution of the gap in a constant temperature 
regime. From Raiko (2012, Figure 27).  
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between the insert and overpack (up to 65 °C) and avoid contact between the copper 
overpack and the insert. Contact would lead to tensile stress in the overpack and that 
would increase the risk of stress corrosion. Later, under saturated repository conditions, 
however, the external hydrostatic and bentonite swelling pressures will cause plastic or 
creep deformation of the copper and the annular gap will close once swelling pressure 
builds up in the buffer. After this deformation, the general residual stress state in the 
copper overpack will be compressional. Furthermore, the closure of the gaps will lead to 
a significant decrease in the thermal gradient between the insert and overpack. 

The thermal conductivity of the metal body of the canister is two orders of magnitude 
higher than the conductivity of the surrounding bentonite buffer and the near-field rock. 
Due to this difference, the thermal gradient will dissipate and a uniform temperature 
occurs across the canister metal once a state of thermal equilibrium has been reached in 
the near field. 

Over a period of around 50,000 years, as the radiogenic heat generation reduces, the 
canister will cool to the initial ambient temperature of around 10 °C [4.2.2]. The 
canister metals will contract due to cooling and some tensile strain will be generated in 
the copper overpack because it contracts faster than the cast iron insert due to the 
difference in the thermal expansion coefficients of the two metals. The assessment of 
the thermal loading shows that the risk of failure of the canister metals due to thermal 
expansion can be neglected (Raiko 2012, Sections 8.4.2 and 8.4.3). 

Overall, thermal expansion of the canister is influenced by the following features of the 
repository system. 

 Radionuclide inventory: defines the radiogenic heat output and the heat generated 
by attenuation. 

 Temperature: particularly the rate of change of temperature and the thermal gradient 
across the canister, because this affects the amount of expansion and any differential 
expansion that may occur. 

 Pressure: the external hydrostatic and bentonite swelling pressures will resist 
thermal expansion, and affect creep of the copper overpack. 

 Canister geometry: particularly the dimensions and shape of the canister have a 
significant control on the amount of expansion and differential expansion. 

 Mechanical stress: the tensile and compressive stresses in the canister metals will 
affect the deformation response to internal and external pressures. 

 Material composition: the composition of the copper and iron metals in the canister 
will affect their coefficients of thermal expansion. 

Uncertainties in the understanding of the FEP: 

The maximum temperature inside the canister and the thermal expansion of the canister 
metals are well known and can be readily calculated. 

Couplings to other FEPs: 

Thermal expansion of the copper canister is directly affected by the following FEPs: 

 Radiation attenuation [4.2.1] 
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 Heat transfer [4.2.2] 

Thermal expansion of the copper canister directly affects the following FEPs: 

 Deformation [4.2.3] 

 Stress corrosion cracking [4.2.7] 

References and bibliography: 

Ikonen, K. 2006. Fuel temperature in disposal canisters. Olkiluoto, Finland: Posiva Oy. 
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4.2.5 Corrosion of the copper overpack 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Corrosion 4.2.8 

General description: 

The copper overpack is made of an alloy referred to as oxygen-free copper with added 
phosphorus (OFP copper). Corrosion of the copper overpack can take place by either 
general (uniform) corrosion mechanisms or by localised corrosion mechanisms. Both 
are potentially important for the performance of the canister, and for the migration of 
radionuclides out of the canister by diffusion [4.3.4], advection [4.3.5], colloid-mediated 
transport [4.3.6] or gas mediated transport [4.3.7]. Stress corrosion cracking is 
addressed separately [4.2.7].  

General corrosion 

The copper overpack is made of high purity, oxygen-free, high conductivity copper 
(Cu-OF). In pure water, this metal is thermodynamically stable but, in natural 
groundwaters, it will corrode by reactions and at rates controlled largely by the 
composition of the water, particularly the redox conditions and the nature of dissolved 
species. Much is known about the mechanism of general corrosion of the copper 
overpack in repository conditions. The most important parameters controlling the rate of 
general corrosion are: the rates of mass transport of species to and from the canister 
surface, the availability of O2, the influx of Cl− ions from the groundwater, and the 
supply of sulphide ions to the canister. 

Immediately after the canister has been emplaced, near-field conditions will be 
oxidising due to the presence of trapped air in the bentonite buffer. Some of this oxygen 
will be used by Cu in the general corrosion of the external surface of the copper 
overpack and the formation of oxide phases. The rate of general corrosion under these 
conditions will be limited by the availability of O2 or of Cu(II) formed by the 
homogeneous oxidation of Cu(I) by O2. Any carbonate, sulphate and hydroxide present 
may also be incorporated into the oxide phases. These phases will coat the copper 
surface, forming a passivating layer which will inhibit further corrosion. However, the 
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presence of any naturally occurring chloride in the groundwater will tend to maintain 
the canister in an ‘active’ corrosion state rather than in a ‘passive’ one. However, Saario 
et al. (2004) concluded that the corrosion of copper stopped in compacted bentonite 
when the O2 was locally exhausted at the surface and anoxic conditions had been 
established. There is no evidence that copper corrodes in oxygen-free concentrated Cl− 
solutions at neutral pH, consistent with thermodynamic predictions (SKB 2010, Section 
3.5.4) and observations in geological occurrences of metallic copper (e.g. Marcos 2002).

After a period of time, the near field will become anaerobic due to the consumption of 
residual oxygen by the iron minerals present in the rock, backfill and buffer materials. 
Once anaerobic conditions have been established, the only available species that will be 
corrosive to copper is sulphide.  

Copper corrosion by sulphides 

From a thermodynamic point of view, there is a wide range of possible S species in 
aqueous solution at near-neutral pH: sulphide can be in the form of bisulphide HS-, 
polysulphides Sx

2-, polythionates SxOy
2- or elemental S. Macdonald & Sharifi-Asl 

(2011) carried out extensive thermodynamic analyses of those S species that could 
corrode copper using corrosion-domain diagrams and volt-equivalent diagrams. They 
found that sulphide, polysulphides and certain polythionates may “activate” copper.  
The interfacial dissolution reaction in the process can be expressed by: 
Cu + HS- --> Cu2S + H2S + e- 
Cu + HS- --> Cu2S + H2S + e- 
Cu(HS)ads + 2Cl- --> CuCl2 + HS- 

At high sulphide concentration (> 15 mg/L) a protective film forms with a second order 
kinetics. The film grows at the film/solution interface. The film contains Cu+ ions that 
diffuse in the HS- solution. At lower sulphide concentration (< 2 mg/L) a non-protective 
film forms following a first order kinetic. The rate limiting step is the transport of HS- in 
aqueous solution (Chen et al. 2011a, 2011b, Smith et al. 2011). Sulphide is present 
naturally in the groundwater at repository depth at Olkiluoto generally in concentrations 
of less than 1 mg/L; the highest measured sulphide content is about 12 mg/L at a depth 
of 367 m in borehole KR13 and it is also present as a minor impurity (e.g. pyrite) in 
some commercially available bentonites. The basic reactions involved in the corrosion 
of copper in the presence of sulphide have been incorporated into a mixed-potential 
model to predict the evolution of the corrosion behaviour of the canister as the 
environment evolves from the initial aerobic phase to the long-term sulphide-dominated 
period (King et al. 2011). 

General corrosion can also be induced by sulphate-reducing bacteria (SRB) which can, 
under favourable conditions, reduce sulphate in groundwater or in the EBS to sulphide 
[5.2.8]. Microbial activity has been demonstrated to decrease exponentially with 
increasing buffer densities and approaches nil at densities above 2000 kg/m3 which is 
the expected density of the buffer after complete swelling [5.2.8]. Corrosion of the 
canister by SRB is possible due to microbial activity at the bentonite-rock or backfill-
rock interface, and the subsequent diffusion of that sulphide to the canister. The 
concentration of sulphide will depend on the SRB growth conditions and the presence 
of Fe(II) which will control the solubility of sulphide. The impact of microbially 
produced sulphide on the canister lifetime is expected to be limited because of the slow 
migration of sulphide through the bulk of the bentonite buffer and the likelihood of 
precipitation as iron sulphide [5.2.8].  
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The Minican in situ test on copper corrosion at the Äspö Hard Rock Laboratory has 
been carried out to investigate a range of corrosion issues associated with the canister, 
including the possibility of expansion of the outer copper canister as a result of the 
anaerobic corrosion of the cast iron insert. The project started in 2006 and the results are 
available up to the end of 2011 (Smart & Rance 2008, Smart et al. 2011, 2012). Part of 
the copper samples have been embedded in a bentonite test parcel in oxic 
bentonite/saline groundwater conditions and corrosion rates have been measured 
(Rosborg & Pan 2008, Rosborg et al. 2011). Gravimetric data on these samples showed 
an average corrosion rate of 0.5 μm/a. Electrochemical impedance spectroscopy studies 
on a three-year old sample of pure copper showed a corrosion rate range of 0.4–
0.7 μm/a (Rosborg et al. 2011). This is somewhat lower than the value of 1.0 μm/a 
obtained from the electric resistivity measurements (Rosborg & Pan 2008). 
Copper corrosion may, in principle, also be affected by -radiolysis of the moist 
air/vapour and porewater close to the canister surface. The maximum surface dose rate 
for the copper canister is limited by design to 1 Gy/h. At this low dose rate the effect of 
the production of radiolysis is expected to be small to negligible (Shoesmith & King 
1999). Furthermore, the canister surface is expected to be dry during the period of 
highest dose rates, further limiting the production of radiolysis products. The available 
data (King et al. 2012 and references therein) show no evidence for enhanced corrosion 
rates except, possibly, at very high dose rates (> 100 Gy/h). Given that the -dose 
essentially ceases after 1000 years (due mostly to Cs-137 decay with a half-life of about 
30 years) the experimental results suggest that the influence of radiation on general 
corrosion of the copper overpack will be negligible. More recent laboratory studies do, 
however, show that irradiated copper samples can be more corroded than corresponding 
reference samples (Björkbacka et al. 2012). In these studies, corrosion was associated 
with increased concentration of copper in water after irradiation, and surface 
examination revealed local corrosion features in the irradiated samples. 
Assessments of the general corrosion rate of the copper overpack have taken account of 
the various sources of sulphide and the possibility for microbially induced corrosion. 
Depending on the model used and on the assumptions, the calculated general corrosion 
depths range from a few to tens of micrometres over one million years (King et al. 2012, 
Table 8-1). Eventually, all canisters are expected to fail by corrosion. 

In any case, the general corrosion rate is expected to be very low because it is limited by 
the diffusive supply of sulphide ions through the bentonite barrier to the canister 
surface. A higher rate of corrosion would, however, be expected in the case of a 
defective buffer around a canister if advective conditions were to be established [5.2.3, 
5.2.4]. Numerous natural analogue studies support the view that geochemical conditions 
in the repository may limit copper corrosion (Miller et al. 2000; Milodowski et al. 
2002). Elemental copper has persisted for millions of years in several geological 
environments, including those found in Finland. Copper corrosion by oxidation and 
sulphidation occurs at very low rates even in natural copper ores (Marcos & Ahonen 
1999). 

Localised corrosion 

Uneven water uptake and swelling of the bentonite buffer around the canister [5.2.2] 
could lead to localised electrochemical corrosion of the copper overpack at the areas 
where the wetted bentonite contacts the copper surface. Those areas are possible 
locations for the spatial separation of anodic and cathodic processes. Once the bentonite 
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has completed swelling, however, there will be uniform contact between the bentonite 
and the copper overpack. The fact that some sites have been exposed to conditions that 
enable electrochemical corrosion longer than others may cause slightly uneven 
corrosion over the copper surface. Apart from that, the gradual closing of the gap 
between the bentonite buffer and the canister is not likely to result in any significant 
localised effects. 

Mechanistic copper pitting studies indicate that an oxidant, either O2 or Cu(II), is a 
prerequisite for pit propagation during localised corrosion. As the repository near-field 
environment will evolve from initially oxidising to ultimately reducing conditions, this 
implies that pitting will only be possible (if at all) in the early stages of repository 
evolution and, consequently, general corrosion is expected to be the dominant corrosion 
mechanism that affects the copper overpack.  

A major limiting factor for pitting would be the amount of O2 contained in the buffer 
material. As water uptake continues, eventually the entire canister surface will be wetted 
and the differential O2 concentration that acted initially as the driving force for localised 
corrosion will disappear. Corrosion experiments under simulated repository conditions 
suggest that canisters will not undergo classical pitting but rather a form of 
homogeneous surface roughening, in which there is no permanent separation of anodic 
and cathodic sites (King et al. 2012, Section 5.3). The localised corrosion depth of 
copper during the post-closure thermal phase is expected to be between a few tens and a 
few hundreds of micrometres, although higher values (up to a few tens of mm) have 
been proposed based on extreme assumptions (King et al. 2012, Table 8-1). 

As the bentonite buffer progressively takes up water, the chloride concentration in the 
porewater composition will gradually increase. The presence of chloride tends to 
support general corrosion, not localised corrosion. It is also reasonable to assume that 
copper chlorides or hydroxy chlorides may form as an initial corrosion product in saline 
groundwaters during the water saturation phase in compacted pure bentonite. High 
salinity causes localised corrosion only at low pH (pH < 4). In the early evolution of the 
near field, the pH is expected to be slightly alkaline due to the buffering effect of the 
bentonite. 

The effect of alkaline leachates from degradation of cementitious materials in the near 
field [7.2.1] on localised corrosion of the copper overpack has been investigated (King 
et al. 2012, Section 5.3.2). If the pH increases prior to the establishment of reducing 
conditions, the canister surface will become passivated by the formation of a duplex 
Cu2O/Cu(OH)2 film when conditions exceed pH 9. The corrosion potential will be 
determined by the equilibrium potential for the Cu2O/Cu(OH)2 couple under oxidising 
conditions or by the Cu/Cu2O redox couple under reducing conditions (in the absence of 
sulphide). Localised corrosion is only likely to occur for a short time during the 
evolution of the repository environment when the canister is still relatively cool 
(< 40 °C) and there is sufficient O2 available to support localised corrosion and prior to 
the increase in porewater pH and salinity. The subsequent increase in canister surface 
temperature, porewater pH and salinity, and decrease in O2 concentration will make pit 
initiation less likely, although the canister will remain passivated provided the 
porewater pH is maintained above pH 9. The higher the pH, the more strongly the 
canister is passivated and the less likely the surface is to undergo localised attack.  

If the salinity increases prior to the increase in pH, the corrosion potential will be a true 
mixed potential, determined by the relative kinetics of Cu dissolution as CuCl2 and of 
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the reduction of O2. A mixed-potential model for predicting the long-term corrosion 
behaviour of the copper in compacted sulphide-containing bentonite has been developed 
(King 2008, King et al. 2011). During the initial post-emplacement period, the heat 
from the canister can cause the surrounding bentonite to dry out and solid phases to 
precipitate from the porewater as a consequence of evaporation. At this time, the 
canister surface will be progressively covered by a duplex corrosion product layer 
comprising an inner layer of Cu2O and an outer layer of basic Cu(II) salts, most likely 
either malachite (Cu2CO3(OH)2) or atacamite (CuCl2•3Cu(OH)2) depending upon the 
relative concentrations of CO3

2- and Cl- in the porewater (King et al. 2012, Section 5.1).  

Salt deposition has been investigated in the Long Term Test of Buffer Material (known 
as the LOT experiment) at Äspö where copper heaters are buried in bentonite (Karnland 
et al. 2009). Two of these packages have been retrieved and analysed. These two heaters 
had surface temperatures of 90 °C and 130 °C. Examination of the copper surfaces 
showed coverage by a thin layer of calcium sulphate/calcium carbonate but no chloride 
enrichment even if the groundwater had high chloride content (over 8000 mg/L). It is 
not clear whether the precipitates were caused by evaporation or by the lower solubility 
of the calcium salts at elevated temperatures. The second LOT recovery after 6 years 
exposure at 130 °C showed the same surface coverage of anhydrite and calcite. The 
longer exposure did not, however, seem to cause more precipitation (Karnland et al. 
2009). Salt accumulations on steel heaters and in the surrounding clay were also 
discovered in hydrothermal experimental field tests in Stripa (Pusch et al. 1992). The 
long-term safety relevance of salt precipitation on the copper surface has been ranked 
low in the updated state-of-the-art copper corrosion report (King et al. 2012). 

Additional postulated uniform corrosion mechanism 

The possibility of copper corrosion in pure water has been suggested due to 
observations in laboratory studies of a transition from O2-consuming to H2-evolving 
corrosion of oxygen-free, high conductivity copper (Cu-OF) in deionised water 
(Szakálos et al. 2007). These researchers suggest that a previously unknown copper 
hydroxy compound is formed when copper corrodes in pure water in the absence of O2. 
The authors propose the following mechanism: 

Cu + yH2O --> HxCuOy + (2y - X) Hads 

As a consequence, it is suggested that copper corrodes with the evolution of H2, with an 
equilibrium H2 partial pressure of approximately 0.001 atm at 70−80 C. The authors 
propose an anaerobic corrosion rate up to 5 micrometres/year which increases with 
time. For the time being it has not been possible to reproduce the results. King (2010) 
carried out a critical review of the literature and concluded that the scientific evidence 
for this mechanism is still weak and that, even if it were to happen, it would be a self-
limiting process because the repository can be considered an almost completely closed 
system in which hydrogen is able to build up and suppress corrosion (King 2010, 
Section 3.6). The corrosion rate would then be determined by the rate of diffusion of H2 
away from the container. MacDonald & Sharifi-Asl (2011) demonstrated that copper in 
only thermodynamically stable in pure anoxic water with very low concentrations of 
[Cu+] and very low partial pressures of hydrogen gas (10-14 atm). The H2 partial pressure 
in the normal atmosphere is higher than this value and corrosion of steel components in the 
repository will result in a H2 partial pressure in the repository much higher than needed for 
copper to be unstable in water. Becker & Hermansson (2011) carried out experimental 
studies of copper corrosion in pure anoxic water in order to reproduce Szakálos’ results. 
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Hydrogen formation was observed in their conditions although the origin is yet unclear. 
The total amount of hydrogen detected after the test is lower than what would be 
possible with respect to the copper amounts found in the test solutions after the 
experiments. The same observation was made in previous experiments mentioned 
above. In addition, in this work, the test solutions were shown to contain unexpected 
amounts of metals, which might be related to the observation of hydrogen. Becker & 
Hermansson (2011) emphasise that even if copper will corrode in pure anoxic water, no 
conclusions about how copper canisters at repository depth will behave with regard to 
corrosion can be drawn. The rate of corrosion will be affected by the thermodynamic 
driving force associated with hydrogen gas formation but this has not yet been 
addressed (Becker & Hermansson 2011). Johansson & Brink (2012) performed a 
literature review on the mechanism and energetic of surface reactions at the copper-
water interface which sheds additional light on surface reactions and the proposed 
mechanism of copper corrosion in anoxic water. They concluded that the H2 detected by 
Hultquist et al. (2009) is likely to originate from surface oxidation and passivation 
reactions in which the H2O molecule is cleaved and H2 forms until the surface is 
passivated.  

Possible explanations for the H2 observations by Szakálos et al. (2007) are that it is due 
to: 
 corrosion of stainless steel components in the cell  
 re-oxidation of highly reactive nanoscale copper formed by reduction of pre-

existing Cu2O  
 oxidation of pre-existing Cu2O to Cu(II) coupled to reduction of H2O  
 catalysis by reactive Cu(OH)ads sub-monolayer species 
 out-gassing of hydrogen absorbed on the copper surfaces during manufacture.  

Additional mechanistic considerations about the copper corrosion in anaerobic water are 
provided by King et al. (2012, Section 5.2.2), and King & Lilja (2011). SKB (2010) 
evaluated the implications for the canister: if the proposed mechanism exists, the 
corrosion rate will be limited by the rate of H2 transport away from the canister. Based 
on this, the corrosion rate would be of the order of 1 nm/a. Therefore, the consequence 
for the canister lifetime is minimal even over one million years. The reactivity of copper 
oxide films against water will be investigated in the future. Work is ongoing at VTT to 
attempt to reproduce the results of Szakálos et al. (2007) but the results are not yet 
available.  

Various authors have also attempted to determine whether copper corrodes in sulphide 
containing anaerobic water (Betova et al. 2003, 2004, Bojinov et al. 2004). Arilahti et 
al. (2011, 2012) studied the exposure of pre-cracked copper to high concentration of 
sulphides in anoxic conditions. Their results and implications for stress corrosion 
cracking are discussed in Section 4.2.7. Recent studies have examined copper corrosion 
electrochemically and proposed a kinetic model to interpret the impedance 
measurements of copper in a deoxygenated neutral aqueous solution (Bojinov et al. 
2010). They showed that no sustainable active corrosion was occurring in the 
experimental conditions in spite of the observation of Cu(II) in solution.  

Overall, corrosion of the copper overpack is influenced by the following features of the 
repository system. 

 Temperature: controls the rate of corrosion reactions and, in the case of a canister 
with initial defect, general corrosion may begin at high near-field temperatures and 
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be accelerated. 

 Mechanical stress: the combination of stress and a chemically aggressive 
groundwater may promote corrosion. 

 Material composition: the corrosion processes (especially the rate) and the nature of 
the corrosion products are dependent on the composition of the copper metal, 
particularly any impurities and oxygen content. 

 Water composition: specifically for general copper corrosion the most important 
parameters in the long term (after the short period with oxygen present) are the 
concentrations of dissolved chloride and sulphide in the groundwater, and the supply 
of these species to the canister surface. 

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties concerning the general understanding of copper 
corrosion under aerobic and anaerobic conditions. Uncertainties in the general corrosion 
rate are relatively small and the rate can be expected to be less than 1 mm in 
100,000 years. The main uncertainties relate to the evolution of the near-field 
geochemical conditions, i.e. the time-dependent variable amounts of sulphide that can 
reach the copper surface of the canisters. The sulphate reduction process and its kinetics 
are being experimentally investigated in ONKALO (Posiva 2009, Sections 3.1.2.4 and 
6.5.7).  

If oxygen-rich glacial waters were to reach to repository depths and the buffer was 
disrupted, then considerably faster corrosion rates could occur. There is, however, 
evidence of a long-term persistence of reducing conditions in the deep bedrock in 
Finland and no evidence of oxygen intrusion to repository depth (Posiva 2009, Section 
3.1.2.4). Nonetheless, the capacity of the rock and fracture-filling materials to buffer 
infiltration of acidic and oxygenated water from the surface is being investigated. 

The localised corrosion mechanism of the copper overpack in the presence of dissolved 
groundwater species (such as Cl− and sulphides) in compacted bentonite is still not well 
known. In the case of an alkaline plume interacting with the copper canister, there could 
be a period of active canister corrosion if the porewater salinity increases prior to the 
increase in pH and before passivation can occur. 

The possibility of copper corrosion by pure water is being investigated in the framework 
of a Posiva-SKB cooperation project. The aim is to understand the observations by 
Szakálos et al. (2007). 

Although the impact of microbially-produced sulphide on the canister lifetime is 
expected to be limited because of the slow migration of sulphide through the bulk of the 
bentonite buffer and the low solubility of sulphides (e.g. precipitation of iron sulphide in 
the presence of dissolved iron), this issue needs to be further evaluated. Account 
especially needs to be taken of the availability of dissolved organic carbon (DOC) as an 
energy source for microbial sulphate reduction, together with the kinetics of sulphate 
reduction in the rock mass. In contrast to earlier assessments, recent results suggest 
oxidation of DOC to be the dominant energy source for microbial sulphate reduction, 
rather than the presence of CH4 (Site Description). 

Couplings to other FEPs: 

Corrosion of the copper overpack is directly affected by the following FEPs: 
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 Heat transfer [4.2.2] 
 Stress corrosion cracking [4.2.7] 
 Water uptake and swelling (in the buffer) [5.2.2] 
 Radiolysis of porewater (in the buffer) [5.2.5] 
 Alteration of accessory minerals (in the buffer) [5.2.7] 
 Microbial activity (in the buffer) [5.2.8] 
 Diffusion (in the buffer) [5.3.4] 

Corrosion of the copper overpack directly affects the following FEPs: 

 Radiolysis of the canister water [3.2.6] 
 Corrosion of the cladding tubes and metallic parts of the fuel assembly [3.2.7] 
 Alteration and dissolution of the fuel matrix [3.2.8] 
 Release of the labile fraction of the inventory [3.2.9] 
 Deformation [4.2.3] 
 Corrosion of the cast iron insert [4.2.6] 
 Diffusion [4.3.4] 
 Advection [4.3.5] 
 Colloid transport [4.3.6] 
 Gas transport [4.3.7] 
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4.2.6 Corrosion of the cast iron insert 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 4.2.7  

General description: 

Corrosion of the cast iron insert can take place by either general (uniform) corrosion 
mechanisms or by localised corrosion mechanisms. Both are potentially important for 
the performance of the canister, and for the migration of radionuclides out of the 
canister by diffusion [4.3.4], advection [4.3.5], colloid-mediated transport [4.3.6] or gas 
mediated transport [4.3.7]. 

General corrosion  

General corrosion of the insert can only occur in the presence of water. Prior to failure 
of the canister, there may be some water present inside the canister from the time of 
encapsulation due to residual water contained in the fuel rods [3.2.5]. The volume of 
this water will, however, be small and any corrosion it causes on the internal surfaces of 
the cast iron insert will be very limited and, thus, this process is not considered to be 
significant. 

After the canister has failed, however, larger volumes of groundwater will penetrate into 
the void spaces and begin to cause general corrosion of the cast iron insert. In the case 
of an initial canister defect, before the bentonite buffer has established hydraulic and 
chemical equilibrium, the groundwater that will enter the canister void spaces may be 
acidic and oxidising. Aerobic corrosion of the insert then occurs but will be restricted by 
the slow rate of water inflow into the canister and by the limited dissolved oxygen 
content. Aerobic corrosion can, therefore, take place for only a short period of time 
before the chemistry of the penetrating water becomes anoxic as the dissolved oxygen 
in the groundwater is consumed by oxidation of the iron insert.  

In the likely evolution of the repository, the copper overpack is expected to remain 
intact for several hundreds of thousands of years after emplacement. The initially 
trapped oxygen will be consumed during the saturation phase by reducing species in the 
groundwater (e.g. methane) and reactions with minerals in the barriers and with the 
copper shell. Thus, the groundwater will be chemically reducing before the canister 
fails. Near-field conditions are expected to remain chemically reducing indefinitely.  

Under anaerobic conditions, corrosion of iron will generate hydrogen gas, small 
concentrations of dissolved iron(II) and magnetite (Fe3O4) as the most likely corrosion 
end products. The formation of alternative solid secondary phases is possible, especially 
in the presence of higher contents of dissolved (reduced) sulphur species (CuFeS2 or 
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FexS), carbonate species (FeCO3 or Fe2(OH)2CO3) or, in the case of more oxidising 
conditions, goethite (FeOOH) and haematite (Fe2O3). In the absence of pH buffering 
provided by carbonates, chloride-dominated solutions favour extremely slow corrosion 
accompanied by the formation of a thin magnetite film (Lee et al. 2006). Results from 
literature surveys showed magnetite to be the most common corrosion product on 
archaeological and industrial iron objects under reducing conditions (Smart & Adams 
2006). 

The solid secondary alteration products may form a passivating layer on the exposed 
surfaces of the iron insert, slowing further reaction, and reducing the likelihood of 
localised corrosion. The probable ranking order of the passivating ability of the different 
possible corrosion products is CuxS < CuFeS2 < FexS < CuFeO2 < Fe3O4. 

The solid secondary alteration products occupy a larger volume than the equivalent 
quantity of iron and, over time, will fill the available void spaces inside the canister. If 
the annular gap between the cast iron insert and the copper overpack has not closed due 
to thermal expansion and plastic deformation of the copper [4.2.4], then the iron 
corrosion products will also begin to fill this space. It has been estimated that the 
annulus would become completely filled with corrosion products between 10,000 and 
20,000 years after failure of the copper overpack (SKB 2010). Once groundwater can 
access the internal void spaces of the canister, growth of secondary alteration products 
will fill these spaces also. In the long term, growth of the corrosion products will limit 
further access of groundwater to the cast iron insert and, potentially, generate 
mechanical deformation of the canister [4.2.3]. However, this has not been observed 
neither in natural analogues preserved under reducing conditions nor in the ‘stress cell’ 
apparatus, which did not detect any expansion from anaerobic corrosion of cast iron 
after more than 900 days exposure (Smart & Adams 2006). 

The solid secondary alteration products will provide abundant and very active sorption 
sites for radionuclides released from the spent nuclear fuel. Some radionuclides may be 
directly incorporated into the corrosion products through mineralisation and 
precipitation reactions. The sorption of radionuclides onto the surface of these solid 
phases will retard their migration, although this retardation cannot be quantified [4.3.3]. 

The rate of general corrosion of the insert has been estimated from laboratory and 
natural analogue studies to be below 1 μm/a after a few thousand years due to the 
passivation of the metal surfaces (e.g. Smart et al. 2001, Hermanson 2004, Smart & 
Adams 2006). Once the passivating film has developed, the subsequent corrosion rate of 
the insert will depend on the availability of water (which will be constrained by the 
diffusive properties of the bentonite buffer in the main scenario) and the transport 
properties of ions through the passivating layer. Continued general corrosion of the 
insert will consume the residual water inside the canister. When all of the void spaces 
are filled with alteration products, very little water can enter and corrosion will drop to a 
very low rate. Anaerobic corrosion of the iron insert will then continue, controlled by 
diffusion rates, until all iron is consumed. Hydrogen pressures inside the canister during 
the corrosion of the insert have been estimated by Bond et al. (1997) and can reach 
values of up to 5 MPa, assuming an insert corrosion rate of 0.1 μm/a and a breach in the 
canister wall of 5·10-6 m2.  

Localised corrosion  

Localised corrosion (‘pitting’) of the cast iron insert is not expected to occur under 
repository conditions because the passivating oxide layer formed by generalised 
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corrosion will protect the metal from localised attack. If it did occur, however, it would 
be after the copper overpack had failed and groundwater had penetrated the void spaces 
within the canister and, thus, its consequences would be minimal because the 
containment function of the canister would have already been lost. 

Galvanic corrosion may occur after plastic deformation of the copper overpack, because 
the bentonite swelling pressure closes the annular gap between it and the cast iron insert 
(Smart et al. 2005). At the points of contact between the two metals, localised corrosion 
of the iron could occur in the presence of groundwater to act as an electrolyte. Galvanic 
corrosion is affected by the same factors as other corrosion processes (e.g. pH, 
temperature and salinity) but, in addition, the localised points of contact may lead to 
more pronounced galvanic attack. Experimental work indicates, however, that galvanic 
corrosion does not result in significantly increased corrosion rates under the reducing 
conditions that would be expected in the repository near field (Smart et al. 2004). 
Studies on archaeological items also demonstrate that, in reducing conditions, galvanic 
coupling between iron and copper alloy does not cause accelerated corrosion rates of the 
iron (Smart & Adams 2006). Therefore, galvanic corrosion is considered not to be a 
significant process for the cast iron insert. 

The effect of radiation on the corrosion of the cast iron insert has been investigated by 
Smart & Rance (2005). They observed that gamma radiation increases the anaerobic 
corrosion rate of carbon steel in artificial groundwater with a composition relevant to 
that at Olkiluoto. At a dose rate of 11 Gy/h the increase only lasts for approximately 
7000 hours, but at 300 Gy/h the enhancement is longer lasting and may be continuous. 
The enhancement in the corrosion rate is greater in simulated groundwater than in 
bentonite-equilibrated groundwater, which had a higher ionic strength and a higher 
initial pH.  
Overall, corrosion of the cast iron insert is influenced by the following features of the 
repository system. 

 Temperature: controls the rate of corrosion reactions and, in the case of a canister 
with initial defect, general corrosion may begin at high near-field temperatures and 
be accelerated. 

 Canister geometry: the dimensions and shape of the canister have an effect on the 
exposed surface area for general corrosion and the void space into which solid 
corrosion products can expand. It also affects the contacts for galvanic corrosion to 
occur. 

 Mechanical stress: the combination of stress and a chemically aggressive 
groundwater/porewater may promote stress corrosion cracking. 

 Material composition: the corrosion processes (especially the rate) and the nature of 
the corrosion products depend on the composition of the iron.  

 Water composition: is the primary control on the corrosion mechanism and its rate, 
and the nature of any solid and gaseous corrosion products that may be formed. 

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties concerning the general understanding of iron 
corrosion under aerobic and anaerobic conditions. Uncertainties in the general corrosion 
rate of the cast iron insert are relatively small and the rate can be expected to be less 
than 1 μm/a. There is, however, considerable conceptual and numerical uncertainty 
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about how coupled processes will operate under repository conditions to control the 
long-term evolution of the canister, in terms of the availability of groundwater through 
the bentonite buffer, the growth of secondary alteration products in the available void 
spaces and the mechanical impact on the failed canister. 

The greatest uncertainties relate to the evolution of the near-field geochemical 
conditions. If oxygen-rich groundwaters were to reach to repository depths and the 
buffer was disrupted, then considerably faster corrosion rates could occur. There is, 
however, evidence of a very long-term persistence of reducing conditions in the deep 
bedrock in Finland (Posiva 2009, Section 3.1.2.4). The capacity of the hydrobiogeo-
chemical system present on the geosphere fractures to buffer infiltration of acidic and 
oxygenated water from the surface has been investigated (e.g. Pitkänen et al. 2008). 

Couplings to other FEPs: 

Corrosion of the cast iron insert is directly affected by the following FEPs: 

 Radiolysis of residual water (in an intact canister) [3.2.5] 
 Radiolysis of the canister water [3.2.6] 
 Heat transfer [4.2.2] 
 Corrosion of the copper overpack [4.2.5] 
 Stress corrosion cracking [4.2.7] 

Corrosion of the cast iron insert directly affects the following FEPs: 

 Radiolysis of the canister water [3.2.6] 
 Corrosion of the cladding tubes and metallic parts of the fuel assembly [3.2.7] 
 Alteration and dissolution of the fuel matrix [3.2.8] 
 Release of the labile fraction of the inventory [3.2.9] 
 Aqueous solubility and speciation (in the spent nuclear fuel) [4.3.1] 
 Precipitation and co-precipitation (in the spent nuclear fuel) [4.3.2] 
 Sorption (in the spent nuclear fuel) [4.3.3] 
 Aqueous solubility and speciation [4.3.1] 
 Precipitation and co-precipitation [4.3.2] 
 Sorption [4.3.3] 
 Diffusion [4.3.4] 
 Advection [4.3.5] 
 Colloid transport [4.3.6] 
 Gas transport [4.3.7]  
 Alteration of accessory minerals (in the buffer) [5.2.7] 
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4.2.7 Stress corrosion cracking 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Corrosion  4.2.7 and 4.2.8 

General description: 

Stress corrosion cracking (SCC) may occur on metals that are subject to tensile stress in 
the presence of corrosive agents such as ammonia, nitric acid or acetate. If either of 
these conditions is missing, SCC cannot occur. 

Stress corrosion cracking of the cast iron insert 

During radiogenic heating, immediately after closure, the outer surface of the cast iron 
insert will be subject to a small tensile thermal stress due to the thermal gradient [4.2.4]. 
Subsequently, after complete swelling of the bentonite has occurred [5.2.2], the cast iron 
insert will be subject to a lower thermal gradient, due to increased thermal conductivity, 
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and very low thermal stresses and the compressive stresses from external hydrostatic 
and swelling pressure become dominant. These compressive stresses are beneficial for 
the mechanical properties of the insert and they prevent the initiation of SCC on the 
insert surface. They tend to close surface cracks and increase the material strength, 
thereby improving the response to bending loads.  

Residual tensile stresses in the insert can also result from the manufacturing process. 
The insert is heterogeneous, comprising the main cast iron body with steel tubes 
forming the spaces that hold the spent nuclear fuel assemblies. During fabrication of the 
insert, it has been observed that, after a long cooling phase, the steel tubes are affected 
by strong residual tensile stresses and the near-surface-area of the insert is known to be 
in a high compressive stress state. During casting, the iron melt temperature is 
approximately 1350 °C which causes the steel tubes to expand by more than 1 %. 
During subsequent cooling, the graphite spheres within the nodular iron grow causing 
swelling and generating tensile stresses in steel profiles and the internal parts deeper in 
the insert but compressive stresses on the near-surface part of the insert (Raiko et al. 
2010, Section 13.6.2). The residual stresses have no practical influence on limit load or 
other higher loads that cause yielding because the residual stresses caused by 
manufacturing dissipate during yielding. 

Some corrosive agents may accumulate within the insert, such as radiolytically 
generated nitric acid, but their volumes are likely to be small [3.2.5]. It has been 
estimated that the corrosion of the cast iron insert due to nitric acid will be of the order 
of 10 µm, assuming all of the nitric acid corrodes only the insert (SKB 2010, Section 
2.5.2). This combined with the limited extent of tensile stresses means that SCC is not 
thought to be a significant contributor to corrosion of the cast iron insert for as long as 
the copper overpack remains intact and no additional corrosive agents associated with 
the groundwater can come into contact with the insert. 

Stress corrosion cracking of the copper overpack 

Stress corrosion cracking of the copper overpack can occur if tensile stresses are present 
in the copper overpack. Tensile stresses in the copper overpack will be present due to 
different causes.  

Shortly after deposition, the copper overpack may be subject to localised tensile stresses 
but the dominant stress will be compressive due to the external hydrostatic and 
bentonite swelling pressures that will force the copper overpack to be deformed onto the 
cast iron insert [4.2.3].  

Residual tensile stresses may also form at the weld between the body of the canister and 
the lid during welding. Both types of welding, EBW (electron-beam welding) and FSW 
(friction stir welding), cause residual tensile stresses. High residual stresses have been 
measured on EBW welds (Gripenberg 2009) and FSW welds (Raiko et al. 2010, Section 
13.6.1).  

Cold working (e.g. blows or dents on the copper surface) during canister handling can 
change the residual mechanical stresses on the canister surface. A stress concentration 
could then lead to crack initiation under some circumstances (e.g. a pre-existing flaw) 
but not all cracks that are initiated will propagate (King & Newman 2010). There is thus 
no evidence that discontinuities in the copper overpack will adversely affect the SCC 
behaviour of copper canisters (King et al. 2011, Section 6.1.2.3). SKB is carrying out 
research into the potential effects of handling and transportation on the long-term 
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mechanical properties of the canister’s copper surface (Raiko et al. 2010).  

Although tensile stresses will be present in the copper overpack, SCC would occur only 
if the geochemical conditions allow it. Shortly after deposition, the near-field 
environment is likely to be oxidising and other contaminants derived from repository 
excavation (e.g. nitrite and ammonia) may be present. Under oxidising conditions, such 
as in the presence of dissolved oxygen or Cu(II), the conditions under which SCC has 
been observed depend on the equilibrium potential and pH needed for Cu2O/CuO 
formation. SCC also depends on redox potential (Eh) values.  

The likelihood of SCC of the copper overpack decreases, however, as the near field 
progressively becomes more reducing. This is confirmed by studies of SCC in the 
presence of acetate under reducing conditions and high pressure that show that neither 
CuOFP (oxygen free, phosphorous doped copper) nor weld materials are susceptible to 
SCC under conditions that are more aggressive than expected in the repository near 
field (Kinnunen 2006). Although copper has been shown to be susceptible to SCC, 
particularly in the presence of phosphorous, which is sometimes present in commercial 
copper metal, Kinnunen (2006) showed that no phosphorus segregation at the grain 
boundaries or other interfaces occurred in Cu-OFP. 

Some preliminary experimental evidence suggests that SCC of copper can be induced 
under reducing conditions by sulphide ions (Taniguchi & Kawasaki 2007), but the 
possibility of SCC under reducing conditions in the absence of sulphide has yet to be 
addressed.  

On the best available information, however, there is no evidence to suggest that SCC of 
the copper overpack or weld can be sustained during the long-term anaerobic phase 
under the geochemical conditions expected within the bentonite buffer. 

Different models for SCC are available; the crack growth model used by Posiva and 
SKB predicts vanishingly small crack propagation rates of < 0.1 µm in 100,000 years 
(King et al. 2011, Section 6.3). Furthermore, little hydrogen sulphide will reach the 
crack tip because the rate of corrosion of the canister surface by sulphide is limited due 
to the rate of diffusion through the compacted bentonite buffer. The absence of 
sulphidation at the crack tip precludes crack growth. Film-induced cleavage can also be 
ruled out because the properties of the non-adherent sulphide films formed on copper 
will not support the generation of a cleavage crack in the underlying copper.  

Microbial production of ammonia, acetate and nitrite ions has also been taken into 
account in these models. As the available oxidants are consumed (e.g. acetate is 
consumed and CO2 is the end-product of this reaction) and swelling of the bentonite 
buffer restricts the transport of SCC agents from the groundwater to the canister surface, 
the probability of SCC will diminish accordingly.  

Experimental work has been performed in environments known to support SCC in 
repository conditions, including those in which significant amounts of ammonia, acetate 
and nitrite are present (Ikeda & Litke 2007, 2008, Litke & Ikeda 2008). The literature 
review of SCC of copper by King & Newman (2010) commenting on these 
experimental studies concluded that the probability of SCC during the early aerobic 
period is low because of the absence of the necessary conditions for cracking and that 
there is no well-founded SCC mechanism that would result in cracking during the long-
term anaerobic phase in the repository.  

SCC under anaerobic conditions 
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Arilahti et al. (2011) reported enhanced grain boundary diffusion of sulphide under 
repository conditions, SCC due to HS- is not possible because the interfacial 
concentration approaches 0 and there will be no driving force for transport of sulphide 
to the crack tip. 

Overall, stress corrosion cracking of the canister is influenced by the following features 
of the repository system. 

 Temperature: SCC is more likely as the temperature drops because the metal is less 
likely to deform plastically and more likely to deform by cracking.  

 Pressure: affects the mechanical stresses acting on the canister. 

 Canister geometry: the dimensions and shape of the canister have an effect on the 
distribution of the mechanical stresses. 

 Mechanical stresses: this is the main control on SCC, particularly the development 
of tensile stresses. 

 Material composition: SCC is dependent on material composition. 

 Water composition: SCC can only occur in the present of certain chemical species 
such as ammonia, nitric acid or acetate that may be present as residual materials 
from repository construction or may be formed in microbial processes, e.g. acetate. 
In addition, the likelihood for SCC decreases strongly going from oxidising to 
reducing conditions. High porewater pH leads to a passivation of the copper surface 
and therefore reduces the potential for SCC.  

Uncertainties in the understanding of the FEP: 

There is extensive experience with, and knowledge of, the SCC of copper alloys, and 
considerable effort has gone into studying the SCC mechanism of copper canisters 
(King et al. 2011, Chapter 6). The mechanism of SCC is not, however, completely 
understood. The conditions under which SCC takes place seem to be related to the 
equilibrium potential and pH for Cu2O/CuO equilibrium. Further work is required to 
understand the crack initiation and growth mechanism related to this phase equilibrium.  

Residual stresses in the cast iron insert resulting from the manufacturing process are 
currently being studied by SKB and Posiva. Preliminary results show that there are 
remarkably high compressive residual stresses in the insert, especially on the cylinder 
surface area and correspondingly lower tensile stresses in the deeper parts of the 
material. Residual stresses in the copper weld resulting from the welding process are 
also currently being studied.  

The possibility of SCC occurring under both anoxic conditions and reducing conditions, 
in the presence and absence of sulphides, is another area of ongoing investigation 
(Arilahti et al. 2011). 

Couplings to other FEPs: 

Stress corrosion cracking of the canister is directly affected by the following FEPs: 

 Radiolysis of residual water (in an intact canister) [3.2.5] 
 Heat transfer [4.2.2] 
 Deformation [4.2.3] 
 Thermal expansion of the canister [4.2.4] 
 Water uptake and swelling (in the buffer) [5.2.2] 
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 Diffusion (in the buffer) [5.3.4] 

Stress corrosion cracking of the canister directly affects the following FEPs: 

 Corrosion of the copper overpack [4.2.5] 
 Corrosion of the cast iron insert [4.2.6] 
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4.3 Migration FEPs 

Once the canister and then the cladding tubes are breached, radionuclides and other 
substances can be released from the fuel to the groundwater by various dissolution and 
alteration reactions. Following release, a number of physical and chemical processes 
will control the migration of radionuclides in the canister void spaces and through 
perforations in the canister wall to the buffer. The following descriptions summarise 
each of these FEPs and the effects of the different features on them. The coupling of the 
FEPs is also indicated, but the possible consequences of their interactions are discussed 
in Performance Assessment. 

 

4.3.1  Aqueous solubility and speciation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Dissolution and speciation; Solubility and speciation 3.3.2 

General description: 

The processes that control radionuclide solubility and speciation within the canister are 
the same as those for spent nuclear fuel, and are discussed in [3.3.1].  

Uncertainties in the understanding of the FEP: 

The uncertainties associated with radionuclide solubility and speciation within the 
canister are the same as those for spent nuclear fuel, and are discussed in [3.3.1]. 

Couplings to other FEPs: 

Aqueous solubility and speciation in the canister is directly affected by the following 
FEPs: 

 Radiolysis of the canister water [3.2.6] 
 Corrosion of the cladding tubes and metal parts of the fuel assembly [3.2.7] 
 Alteration and dissolution of the fuel matrix [3.2.8]  
 Precipitation and co-precipitation [3.3.2] 
 Heat transfer [4.2.2] 
 Corrosion of the cast iron insert [4.2.6] 

Aqueous solubility and speciation directly affects the following FEPs: 

 Precipitation and co-precipitation [4.3.2] 
 Sorption [4.3.3] 
 Diffusion [4.3.4] 
 Advection [4.3.5] 
 Colloid transport [4.3.6] 
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4.3.2 Precipitation and co-precipitation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Salt deposition  3.3.2 

General description: 

The processes that control precipitation and co-precipitation within the canister are the 
same as those for spent nuclear fuel, and are discussed in [3.3.2]. 

Uncertainties in the understanding of the FEP: 

The uncertainties associated with precipitation and co-precipitation within the canister 
are the same as those for spent nuclear fuel, and are discussed in [3.3.2]. 

Couplings to other FEPs: 

Precipitation and co-precipitation in the canister are directly affected by the following 
FEPs: 

 Radiolysis of the canister water [3.2.6] 
 Corrosion of the cladding tubes and metal parts of the fuel assembly [3.2.7] 
 Alteration and dissolution of the fuel matrix [3.2.8]  
 Precipitation and co-precipitation [3.3.2] 
 Heat transfer [4.2.2] 
 Corrosion of the cast iron insert [4.2.6] 
 Aqueous solubility and speciation [4.3.1] 
 Sorption [4.3.3] 

Precipitation and co-precipitation in the canister directly affect the following FEPs: 

 Sorption [4.3.3] 
 Diffusion [4.3.4] 
 Advection [4.3.5] 
 Colloid transport [4.3.6] 
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4.3.3 Sorption 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Ion exchange; Physical adsorption    4.3.1 

General description: 

The corrosion products of the cast iron insert will provide abundant and very active 
sorption sites for radionuclides. Sorption is element specific and depends both on 
radionuclide speciation, and the solid phase composition and surface characteristics.  

Under the ambient geochemical conditions, the primary iron corrosion product, 
magnetite, will be a strong scavenger of radionuclides from solution. The combination 
of the generation of chemically reducing conditions under which many radionuclides 
are poorly soluble, mineralisation and precipitation reactions and sorption onto iron 
corrosion products will significantly reduce the rate of radionuclide migration out of a 
canister.  

Over time, the first formed corrosion products, such as magnetite, may slowly react with 
the groundwaters to form a number of more stable solids such as goethite (FeOOH) and 
haematite (Fe2O3), if oxidising species are formed due to radiolysis of water or 
oxidising waters penetrate the canister. This in turn affects the sorption properties of 
these alteration products. 

Potentially, the solid alteration products formed by the corrosion of the copper overpack 
may also retard radionuclides, but this is considered to be less significant than for the 
iron corrosion products because of their smaller volume due to the much lower 
reactivity of copper. 

A number of natural analogue studies have examined the sorption of radionuclides on 
iron corrosion products, particularly in geological environments where naturally 
occurring uranium is in contact with iron minerals such as at Poços de Caldas and 
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Morro do Ferro. These studies support laboratory evidence for the high sorption 
capacity for these iron corrosion products (Miller et al. 2000). 

Overall, sorption is affected by a number of features: 

 Radionuclide inventory: controls the radionuclides that are available for sorption. 

 Temperature: significant control over the rate of iron corrosion and, thus, the total 
sorption capacity of the secondary corrosion products that are formed. 

 Canister geometry: controls the available surface area on which sorbing corrosion 
products may form, and the void spaces into which they can grow. 

 Material composition: the addition of other metals in the iron alloy can affect the 
nature of the solid corrosion products that form by reaction with the groundwater. 

 Water composition: the porewater adjacent to the canister, particularly its redox and 
the concentration of dissolved species etc. can affect the nature of the solid 
corrosion products and their subsequent alteration.  

Uncertainties in the understanding of the FEP: 

Although the conceptual understanding of sorption is well established, the 
quantification of a bulk retardation rate for radionuclides due to the coupled processes 
of redox control, precipitation and sorption is not well defined. 

Sorption is a reversible reaction, and the long-term retardation mechanism is 
conceptually well understood, although specifying the mechanisms responsible for 
retardation under repository conditions is less well established.  

Radionuclides initially sorbed to iron corrosion products may be subsequently released 
(e.g. if the redox or temperature changes) or if the solid dissolves or undergoes other 
mineralogical transformation. This may be more likely to occur in the case of early 
canister failure when chemical conditions in the near field may be prone to more rapid 
change. The long-term sorption processes under these conditions are not well defined. 

Couplings to other FEPs: 

Sorption is directly affected by the following FEPs: 

 Alteration and dissolution of the fuel matrix [3.2.8]  
 Heat transfer [4.2.2] 
 Corrosion of the cast iron insert [4.2.6] 
 Aqueous solubility and speciation [4.3.1] 
 Precipitation and co-precipitation [4.3.2] 
 Alteration of accessory minerals (in the buffer) [5.2.7] 

Sorption directly affects the following FEPs: 

 Precipitation and co-precipitation [4.3.2] 
 Diffusion [4.3.4] 
 Advection [4.3.5] 
 Colloid transport [4.3.6] 
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4.3.4 Diffusion 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Radionuclide transport (advection and diffusion) 3.3.4 

General description: 

Diffusion is likely to be the dominant migration process operating within the canister 
and responsible for the transport of radionuclides through the canister walls to the 
buffer. This process is relevant for all time frames after groundwater penetrates the 
canister and the fuel cladding.  

If the canister fails, groundwater will flow into the canister void space [4.3.5]. Once the 
canister has been filled with water, and any hydraulic head gradients have dissipated, 
diffusion will be the primary mechanism for transporting any radionuclides released 
from the spent nuclear fuel through the canister void spaces.  

Diffusion is driven by a potential gradient (typically a concentration gradient) and, 
consequently, there will be a slow net migration of radionuclides released from the 
spent nuclear fuel by dissolution through the canister void spaces and the perforations in 
the canister walls, to the buffer. The rate of radionuclide transport will, therefore, be 
controlled by the rate of radionuclide diffusion through the buffer [5.3.4] which 
effectively limits the concentration gradient in the near field.  

It is possible, however, that all or a proportion of the canister void space will fill with 
hydrogen gas generated by anaerobic corrosion of the cast iron insert depending on the 
location of the perforations in the canister wall [4.3.7]. The formation of a gas phase 
(bubble) will expel groundwater from the canister and, therefore, cause diffusion 
through the groundwater to cease, although diffusion in gas is still possible for gaseous 
species (Wikramaratna et al. 1993). 

Overall, diffusion is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for diffusion. 

 Temperature: the diffusion rate is partially controlled by temperature. 

 Canister geometry: the location of any perforations in the canister wall will control 
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the diffusion path and whether diffusion occurs largely in the gaseous or aqueous 
phase within the canister.  

 Water composition: radionuclide concentration gradients in the water directly 
control the diffusion rate in the aqueous phase. 

 Gas composition: radionuclide concentration gradients directly control the diffusion 
rate in the gaseous phase. 

Uncertainties in the understanding of the FEP: 

Generally, diffusion is a well understood process. The rate of water turnover and the 
transport of solutes within the canister void space are controlled by the hydraulic 
conductivity of the bentonite buffer, which will be very low, providing a diffusive 
barrier. 

The greatest uncertainties related to diffusion from the canister into the buffer are the 
location, size and transport resistance (and its evolution) of any breach in the copper 
overpack due to corrosion or manufacturing defects. 

Couplings to other FEPs: 

Diffusion is directly affected by the following FEPs: 

 Alteration and dissolution of the fuel matrix [3.2.8] 
 Release of labile fraction of the inventory [3.2.9]  
 Heat transfer [4.2.2] 
 Corrosion of the copper overpack [4.2.5] 
 Corrosion of the cast iron insert [4.2.6] 
 Aqueous solubility and speciation [4.3.1] 
 Precipitation and co-precipitation [4.3.2] 
 Sorption [4.3.3] 
 Diffusion (in the buffer) [5.3.4] 

Diffusion directly affects the following FEPs: 

 Release of labile fraction of the inventory [3.2.9] 
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4.3.5 Advection 

Type: Class: 

Process Migration 
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Alternative names: Number in 2007-12: 

Radionuclide transport (advection and diffusion) 3.3.4 

General description: 

Advection is the movement of water under a pressure gradient. When the canister fails, 
there will be a strong hydrostatic pressure gradient between the inside and the outside of 
the canister which will force groundwater into the canister void space. Once the canister 
has filled with water, however, the hydrostatic pressure will equalise and further water 
movement inside the canister will be dominated by diffusion [4.3.4]. In the case of early 
canister failure, when there is still some radiogenic heat generation [3.2.2], thermal 
convection of water inside the canister may also occur. 

It is possible, however, that all or a proportion of the canister void space will fill with 
hydrogen gas generated by anaerobic corrosion of the cast iron insert depending on the 
location of the perforations in the canister wall [4.3.7]. The formation of a gas phase 
(bubble) will expel groundwater from the canister and may, therefore, cause 
groundwater advection to cease inside the canister if a sufficient volume of gas is 
formed. 

Advection inside the canister, if it occurs, will cause a redistribution and 
homogenisation of the concentration of dissolved radionuclides within the canister 
water, and transport radionuclides from the spent nuclear fuel to perforations in the 
canister wall. Advection will also cause the redistribution of any colloids within the 
canister. 

Movement of groundwater and any dissolved radionuclides into and out of the canister 
will be controlled by the hydraulic conductivity of the bentonite buffer which will 
provide a diffusive barrier [5.3.4]. This means that the rate of water turnover in the 
canister will be very slow and, consequently, the dissolution of the spent nuclear fuel 
[3.2.8] and the concentration of radionuclides in the water will be solubility limited.  

Advection will only be a significant process for groundwater and radionuclide transport 
through perforations in the canister wall in cases where the buffer swelling pressure is 
much reduced due to its erosion [5.2.2] and advection can occur through the buffer. As 
these conditions are very unlikely, advection in the canister is a much less significant 
transport process than diffusion. 

Advection will also become less significant as the canister void spaces progressively fill 
with secondary alteration products formed by the anaerobic corrosion of the cast iron 
insert or by bentonite penetrating into a breached canister [4.2.6]. Eventually, these 
corrosion products or bentonite will fill the entire void space, groundwater will be 
expelled and migration pathways will become more tortuous and longer. In 
consequence, advection (and convection) processes will cease and radionuclide 
transport out of the canister will occur only by slow diffusion.  

Overall, advection is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for advective 
transport. 

 Temperature: a temperature gradient will drive convection of groundwater. 

 Pressure: the hydrostatic pressure and any gas pressure that develops in the canister 
will be the primary drivers for advection. 
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 Canister geometry: the location of any perforations in the canister wall will control 
the flow path and whether groundwater advection occurs or is stopped by a build-up 
of gas.  

Uncertainties in the understanding of the FEP: 

There are no conceptual uncertainties regarding the advection process, and its driving 
forces. The likelihood of advection being maintained inside the canister for a long 
period of time, or becoming a significant process causing transport through the canister 
wall to the buffer, is very low.  

The greatest uncertainties for advection in the canister are the location, size and 
transport resistance of any perforations caused by corrosion or canister failure. These 
are, however, smaller than the uncertainties related to the potential for advective 
conditions to occur in the buffer [5.3.5]. 

Couplings to other FEPs: 

Advection is directly affected by the following FEPs: 

 Criticality (if it were to occur) [3.2.11]  
 Heat transfer [4.2.2] 
 Corrosion of the copper overpack [4.2.5] 
 Corrosion of the cast iron insert [4.2.6] 
 Aqueous solubility and speciation [4.3.1] 
 Precipitation and co-precipitation [4.3.2] 
 Sorption [4.3.3] 
 Gas transport [4.3.7] 
 Advection (in the buffer) [5.3.5] 

Advection directly affects the following FEPs: 

 Release of labile fraction of the inventory [3.2.9] 
 Criticality (if it were to occur) [3.2.11] 
 Colloid transport [4.3.6] 
 Gas transport [4.3.7] 
 Advection (in the buffer) [5.3.5] 
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4.3.6 Colloid transport 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Colloid facilitated transport 3.3.5 

General description: 

In general, any particle that has a linear dimension between 10-9 and 10-6 m is 
considered to be a colloid (Hiemenz & Rajagopalan 1997). Larger solids are often 
termed ‘suspended particles’ and anything smaller is considered to be in solution. 

The presence of colloids in the canister cavity may have a significant influence on 
radionuclide transport, but only after the canister has failed. Consequently, colloid 
formation and colloidal transport are particularly relevant to the defective canister 
scenarios. For the entire time the canister remains intact, no colloid-mediated 
radionuclide transport from the canister can occur, although colloids may form inside 
the canister before failure depending on the presence of water or vapour. 

Most colloids will be formed after canister failure when groundwater begins to corrode 
the cast iron insert [4.2.6] and, eventually, the spent nuclear fuel [3.2.8]. Radionuclides 
can form either intrinsic colloids (eigen-colloids) or pseudo-colloids [3.3.2]. 
Furthermore, radionuclides may be incorporated in co-precipitates from solution so 
entering directly into colloidal form. These colloidal particles can provide radionuclides 
with low solubility (e.g. actinides) an alternative transport mechanism.  

In general, the stability and thus the mobility of colloids are controlled by the grain size, 
the absolute surface charge (± 20 mV) of the dispersed particles and by the density of 
the particles. The stability of colloids depends significantly on groundwater salinity. In 
saline water colloids tend to form a sediment due to aggregation and flocculation. 

Although colloidal particles may move within the canister void space by advection or 
diffusion, they cannot migrate through the bentonite buffer due to the very high swelling 
pressure. The buffer acts as a filter for colloids, provided its density is above a threshold 
value (1650 kg/m3) and is not reduced by erosion [5.2.2]. 

If the bentonite buffer fails, several radionuclides, especially the tetravalent actinides, 
may reach solubility limits of their amorphous oxides and form colloidal oxide particles. 
In particular, Pu(IV) is known to have a high tendency to form colloids (Choppin et al. 
2002) and the formation of Pu colloids has been considered in data modelling in the 
SKB programme (Wold 2010). The measured concentrations of U, Pu and Np in tests 
simulating conditions inside a damaged canister are very low and trends over time 
indicate the formation of an actinide co-precipitate rather than separate oxide phases 
(Carbol et al. 2009). The measured Pu concentrations do not suggest over-saturation 
with respect to the estimated solubility of Pu(OH)4(am) indicating that colloids are not 
actively increasing the apparent Pu solubility in this case. 

Overall, colloid transport is influenced by the following features of the repository 
system. 

 Radionuclide inventory: controls the radionuclides that may be available for 
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association with colloids. 

 Temperature: the stability of colloids may be temperature dependent, although this 
is only a second-order control. 

 Pressure: the hydrostatic pressure and any gas pressure that develops in the canister 
will be the primary drivers for colloid migration in flowing (advective) groundwater.

 Material composition: particularly of the canister metal, because corrosion of iron 
generates the majority of the colloidal particles in the canister. 

 Water composition: the composition of the water in and close to the canister is a 
first-order control on the formation and stability of colloids. 

Uncertainties in the understanding of the FEP: 

The population of colloids inside the canister is uncertain but is not directly significant 
for safety provided the buffer remains intact and continues to act as a barrier to colloid 
transport. The transport of colloids to the geosphere in the case of a compromised buffer 
is the subject of ongoing studies (Posiva 2009, p. 345). 

Couplings to other FEPs: 

Colloid transport is directly affected by the following FEPs: 

 Alteration and dissolution of the fuel matrix [3.2.8] 
 Heat transfer [4.2.2] 
 Corrosion of the copper overpack [4.2.5] 
 Corrosion of the cast iron insert [4.2.6] 
 Aqueous solubility and speciation [4.3.1] 
 Precipitation and co-precipitation [4.3.2] 
 Sorption [4.3.3] 
 Advection [4.3.5] 
 Gas transport [4.3.7] 

Colloid transport directly affects the following FEPs: 

 Colloid transport (in the buffer) [5.3.6] 
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4.3.7 Gas transport 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Two-phase flow; Water and gas transport 3.3.3 

General description: 

It is possible that a two-phase (water-gas) system will develop within the canister cavity 
in the post-closure evolution of the repository. The gas can be present as: 

 hydrogen generated by anaerobic corrosion of iron, 

 vapour caused by boiling of water if the boiling point is exceeded, 

 argon used to purge the canister at the time of encapsulation, or  

 radiolysis products of water or water vapour. 

Of these mechanisms, anaerobic corrosion of the cast iron insert generating hydrogen is 
likely to be the greatest contributor to the gas content within the canister cavity, and this 
can only occur after the canister has failed. 

Gas generation by boiling of water is only possible when the internal temperature 
exceeds the boiling point and, therefore, is relevant only for cooling pool water trapped 
in leaking fuel rods and for groundwater in the early canister failure scenarios. The 
amount of gas that may be generated by radiolysis of canister water is considered to be 
very small [3.2.6]. 

A free gas phase (bubble) will form inside the canister if the partial pressure of the gas 
exceeds the hydrostatic pressure. Whether this occurs depends on the balance between 
the rate of gas generation and the rate of its transport out of the canister to the buffer. 
Unless the gas pressure exceeds the confining pressure of the bentonite buffer, gas 
release from the canister will be diffusion limited. If the gas pressure exceeds the 
confining pressure, then a gas bubble may push through the buffer [5.3.7]. 

Any free gas formed in the canister will rise to the top of the canister and will 
accumulate as a bubble if it is contained. As more gas is produced, the gas pressure and 
bubble volume will increase, and water will be expelled from the canister through any 
perforations. The maximum possible size of the bubble will be controlled by the internal 
geometry of the canister and the location of the perforations in the canister metal.  

The case of hydrogen generation through anaerobic iron corrosion in a canister with 
different corrosion rates, perforation sizes and available internal surface areas for 
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corrosion have been modelled (Bond et al. 1997). 

The presence of a free gas in the canister may have a significant impact on the release of 
radionuclides. Any radionuclides that can partition into a free gas phase may be 
transported within the canister as a gas (e.g. C-14). In addition, any water expelled from 
the canister due to a build-up of gas will carry dissolved radionuclides with it and, 
potentially, radionuclides in colloidal form [4.3.6]. In consequence, gas generation may 
enhance the total release of radionuclides from the canister.  

If, however, a large gas bubble forms in the canister cavity, then further dissolution of 
the fuel [3.2.8] and corrosion of the internal surfaces of the iron insert [4.2.6] could be 
restricted because the presence of the gas may reduce the rate of water ingress into the 
canister. 

If no free gas phase forms in the canister, then the cavity will become water filled after 
the canister fails and diffusion [4.3.4] and advection [4.3.5] will become the dominant 
transport processes. 

Overall, gas transport is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that may be available to form a 
free gas phase, and the radiation intensity controls the rate of radiolytic gas 
generation, although this is a less important gas generation process than anaerobic 
corrosion of iron. 

 Temperature: the internal temperature and thermal gradients influence the rates of 
diffusion, advection and convection of gas, and also the solubility and pressure of 
the gases. 

 Pressure: is the primary control on whether gas will be dissolved into the 
groundwater or whether a free gas phase (bubble) will form. 

 Canister geometry: the location of any perforations in the canister wall will control 
whether a gas phase (bubble) forms in the canister or not.  

 Material composition: particularly that of the iron insert will control the generation 
of gas under the anaerobic conditions that are expected inside the canister. 

 Water composition: particularly redox will control the corrosion of iron and, 
therefore, the potential for gas generation inside the canister. 

 Gas composition: the composition of the gases that are generated in the canister will 
control their solubility and, therefore, the potential for a free gas phase to form. 

Uncertainties in the understanding of the FEP:  

The greatest uncertainties for gas transport in the canister concern the timing and rate of 
water (or water vapour) penetration into the canister and the build-up of a free gas phase 
due to hydrogen production caused by corrosion of the cast iron insert. If the buffer 
prevents the hydrogen gas from escaping the canister, the gas overpressure is likely to 
decrease the rate of further water ingress into the canister. 

Couplings to other FEPs: 

Gas transport is directly affected by the following FEPs: 

 Alteration and dissolution of the fuel matrix [3.2.8]  
 Heat transfer [4.2.2] 
 Corrosion of the copper overpack [4.2.5] 
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 Corrosion of the cast iron insert [4.2.6] 
 Advection [4.3.5] 
 Advection (in the buffer) [5.3.5] 
 Gas transport (in the buffer) [5.3.7] 

Gas transport directly affects the following FEPs: 

 Advection [4.3.5] 
 Colloid transport [4.3.6] 
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5 BUFFER 

5.1 Description 

In the KBS-3V type repository, compacted bentonite will be used as buffer material 
surrounding the canisters in each deposition hole. Deposition holes are about 1.75 m 
wide and 7–8.7 m deep, depending on the canister type (Description of the Disposal 
System, Chapter 6). After emplacement, the buffer will include a number of physical 
subcomponents, as shown in Figure 5-1: 

 the cylindrical and circular bentonite blocks made of compacted clay that 
completely surround the canister; and 

 the void spaces between the bentonite blocks, and the annular gaps between the 
bentonite blocks and the canister (10 mm wide) and the rock (50 mm wide), with 
the latter filled with bentonite pellets. 

Initially the void spaces will contain air but, as the near field resaturates, they will 
become water filled. This buffer porewater will be groundwater that equilibrates with 
the montmorillonite and accessory minerals in the bentonite. 

The reference material for the bentonite blocks is a sodium bentonite (MX-80) which is 
a natural material from Wyoming, United States. The average bulk mineralogical 
composition of MX-80 is dominated by montmorillonite (75–90 %) with smaller  
 

 

Figure 5-1. There are three designs for the buffer, depending on the spent nuclear fuel 
type (Buffer Production Line). On the right is a schematic illustration of the bentonite 
disk to be installed on the top of a canister in the reference design of canister (Canister 
Production Line). The bottom of the canister is flat. 
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amounts of accessory minerals such as quartz, mica, feldspar, carbonate, gypsum and 
pyrite. An alternative to the reference is a calcium bentonite from the Greek island of 
Milos (Deponit CA-N). 

After emplacement, groundwater from the surrounding rock will begin to be absorbed 
by the bentonite, causing it to swell. When the bentonite is completely water-saturated 
and swollen, its hydraulic conductivity will be so low that groundwater and any 
radionuclides that are eventually released from the canister will only be able to migrate 
through it by very slow diffusion processes. The clay mineral structure of the bentonite 
also provides a high sorption capacity that will retard radionuclide migration. 

The initial physical properties of the bentonite blocks, rings and pellets, and their 
properties after full hydraulic saturation, are shown in Table 5-1.  

The hydraulic and physical properties of the buffer after water uptake are controlled by 
the swelling pressure generated by the montmorillonite. The chemical properties of the 
buffer are, however, largely controlled by the assemblage of accessory minerals, 
together with the exchangeable cation reactions of the clay and the interactions with the 
surrounding groundwater. 

5.1.1 Long-term safety and performance 

The long-term safety principles of the buffer between the canisters and the host rock are 
to protect the canisters as long as containment of radionuclides is needed, and thus the 
safety functions assigned to the buffer are to: 

 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. 

The buffer shall, with the exception of incidental deviations, retain its favourable 
properties over hundreds of thousands of years (Design Basis). 

 

Table 5-1. The initial state of the buffer of the reference design including disk blocks 
(below and above canister) and rings (around canister), and pellets in the gap between 
buffer and rock (Buffer Production Line). 

Property Value 

Gap between buffer blocks and rock 50 mm ±25 mm 

Gap between buffer blocks and canister 10 mm ± 5 mm 

Water content of disk blocks/rings at emplacement 17.0 % 

Water content of pellets at emplacement 17.0 % 

Average dry density of the buffer 1578–1595 kg/m3 

Average saturated density of the buffer 2004–2015 kg/m3  
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The ability of the buffer to provide the safety functions, as part of the engineered barrier 
system, strongly depends on its initial state to achieve and maintain a high swelling 
pressure after complete hydraulic saturation for long periods of time. In the immediate 
short-term period following emplacement of the canister and the buffer in the deposition 
holes, the main processes that will affect swelling are heat transfer and water uptake. 
Over the long term, chemical processes (e.g. montmorillonite transformation, chemical 
erosion) may reduce the swelling pressure of the buffer and affect its safety 
performance.  

5.1.2 Overview of the potentially significant FEPs 

There are a number of processes that are considered to be significant for the long-term 
safety performance of the buffer that relate to system evolution and to the migration of 
radionuclides and other substances.  

Processes related to system evolution are: 

5.2.1  Heat transfer 

5.2.2  Water uptake and swelling 

5.2.3  Piping and erosion 

5.2.4  Chemical erosion 

5.2.5  Radiolysis of porewater 

5.2.6  Montmorillonite transformation 

5.2.7  Alteration of accessory minerals  

5.2.8  Microbial activity 

5.2.9  Freezing and thawing 

Processes related to the migration of radionuclides and other substances are: 

5.3.1  Aqueous solubility and speciation 

5.3.2  Precipitation and co-precipitation 

5.3.3  Sorption 

5.3.4  Diffusion  

5.3.5  Advection 

5.3.6  Colloid transport 

5.3.7  Gas transport 

These processes are each potentially affected by a number of features of the repository 
system that can influence the occurrence, rate, activity and potential couplings between 
the processes. These features relate either to aspects of the design of the repository or to 
parameters (characteristics) of the buffer that might be time-dependent during the 
repository lifetime. The most significant features are: 
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 Radionuclide inventory 

 Temperature 

 Swelling pressure 

 Buffer geometry 

 Water content 

 Buffer composition 

 Porewater composition 

 Gas composition. 

The possible influences of these features on the processes considered to be significant 
for the long-term safety of the buffer are described in each FEP description, and are 
summarised in Table 5-2.  

Many of the processes occurring within the buffer are interdependent and directly 
coupled to each other. For example, mineralogical transformation of montmorillonite 
[5.2.6] will directly affect water uptake and swelling [5.2.2] via the buffer composition. 
The direct couplings are listed in each FEP description, and are summarised in the 
matrix shown in Table 5-3.  

Similarly, due to the complex interactions between the various components of the 
disposal system, the evolution of the buffer can influence (or be influenced by) 
processes occurring in other parts of the repository through the interactions between 
various processes. For example, water uptake by the buffer [5.2.2] interacts with 
groundwater flow and advective transport in the geosphere [8.3.5]. The interactions 
between the buffer and other components of the disposal system are summarised in 
Table 5-4. 
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Table 5-2. Possible influences of features of the disposal system on the processes considered to be significant for the long-term 
performance of the buffer (marked with Y). These influences and couplings are discussed in more detail in each FEP description. 
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Processes related to system evolution: 

5.2.1  Heat transfer Y Y Y Y Y

5.2.2  Water uptake and swelling Y Y Y Y Y Y

5.2.3  Piping and erosion  Y Y Y Y Y

5.2.4  Chemical erosion Y Y Y Y Y

5.2.5  Radiolysis of porewater Y Y Y Y

5.2.6  Montmorillonite transformation  Y Y Y Y Y Y 

5.2.7  Alteration of accessory minerals  Y Y Y Y Y Y 

5.2.8  Microbial activity Y Y Y Y Y Y Y Y 

5.2.9  Freezing and thawing Y Y Y Y Y Y

Processes related to the migration of radionuclides and other substances: 

5.3.1  Aqueous solubility and speciation Y Y Y Y Y Y Y 

5.3.2  Precipitation and co-precipitation Y Y Y Y Y Y Y Y 

5.3.3  Sorption Y Y Y Y Y Y

5.3.4  Diffusion Y Y Y Y Y Y Y Y 

5.3.5  Advection Y Y Y Y Y

5.3.6  Colloid transport Y Y Y Y Y Y Y

5.3.7  Gas transport Y Y Y Y Y Y Y 
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Table 5-3. Possible couplings between FEPs within the buffer considered significant for the long-term performance of the disposal system. 
The numbers on the leading diagonal refer to the FEPs listed in Section 5.1.2. As an example of how to read this table, the blue coloured 
square means that “Montmorillonite transformation” [5.2.6] directly affects “Water uptake and swelling” [5.2.2]. 
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Table 5-4. Interaction matrix for the buffer. FEPs in italics are addressed in other chapters. A short name for some of the FEPs is used in 
the table: IRF (Release of the labile fraction of the inventory), Precipitation (Precipitation and co-precipitation). 
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5.2 System evolution FEPs 

To achieve its long-term safety functions, the bentonite has to undergo swelling due to 
absorption of groundwater. This and other processes (radiation, thermal, chemical, 
hydraulic and mechanical, and their couplings) will affect the evolution of the buffer. 
The behaviour of the buffer and the achievement of its safety functions will depend on 
the time and rate at which these processes occur. The couplings of these FEPs with 
other FEPs are also indicated, but the consequences of interactions or combinations of 
these are discussed in Performance Assessment. 

5.2.1 Heat transfer 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 5.2.1 

General description: 

Radiogenic heat generation occurs within the spent nuclear fuel [3.2.2] and heat is 
transferred to the buffer through the canister [4.2.2]. 

The efficiency of heat transfer through the buffer is essential for the performance of the 
repository system, since it directly affects the temperature at the canister surface and in 
the buffer itself. 

Within the initially unsaturated buffer, heat will be transferred by conduction through 
the solid clay particles, and by convection through the water-filled pore spaces and 
voids and, to a lesser extent, by radiation through any remaining air-filled voids. Before 
complete saturation, heat transfer in the pellet-filled gap between the buffer and the rock 
may also take place by evaporation, vapour diffusion and condensation (Hökmark et al. 
2009). Due to the very low permeability of the bentonite and the narrow gap geometries, 
the contribution to heat transfer from convection is minor. 

The gap between the canister and the buffer will have a high heat transfer resistance due 
to the low emissivity of the copper surface and the associated low radiant heat transfer. 
In contrast, heat resistance will be lower for the gap between the buffer and the rock, 
and will have a smaller impact on the canister temperature. In addition, the rock/buffer 
gap will start to close due to swelling of the bentonite pellets soon after deposition if 
groundwater is available in the rock, whereas the closure of the canister/buffer gap may 
take longer. 

Water uptake by bentonite and the development of swelling pressure [5.2.2] will serve 
to dissipate the canister heat, increase the thermal conductivity and eliminate the gaps 
and joints around and within the buffer, causing heat transfer to take place only by 
conduction through the water-saturated bentonite. The availability of water is therefore 
crucial to the heat transfer process in the buffer. 

During the initial post-emplacement period (days), heat transfer through the buffer will 
be largely independent of its heat capacity. Instead, the thermal conductivity, λ, of the 
different parts of the system will be the most important controlling parameter. Several 
laboratory measurements on the thermal conductivity of different bentonites have been 
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made, and they show that the thermal conductivity of compacted bentonites depends 
primarily on density, water saturation, and mineralogical composition, and that the 
water content, dry density, hysteresis (wetting–drying path), and volumetric fraction of 
constituents also exert an influence (Tang et al. 2008). According to laboratory 
experiments (Börgesson et al. 1994), the thermal conductivity of water-saturated MX-80 
bentonite at a water saturated density of 2000 kg/m3 is about 1.3 W/(m·K) whereas, in 
normal atmospheric conditions, the conductivity is lower at around 0.75 W/(m·K). In 
fully dry conditions, the conductivity can be as low as 0.3 W/(m·K). In the thermal 
dimensioning report for a repository at Olkiluoto (Ikonen 2009, p. 7), a value of 
1.0 W/(m·K) has been used, assuming the buffer is saturated. The thermal conductivity 
of the water-filled gaps is 0.6 W/(m·K), whereas that of air-filled gaps is about 
0.03 W/(m·K). For the canister/buffer gap, the effective conductivity is 0.04 W/(m·K), 
which takes into account the contribution from radiant heat transfer (Hökmark et al. 
2009). These thermal parameters also depend slightly on the temperature, but a larger 
effect is that the thermal properties of the buffer and the degree of saturation are 
coupled.  

Spatial variance can be demonstrated by examining peak temperatures within the buffer 
in wet and dry deposition holes (Hökmark et al. 2010). In dry holes, the maximum 
buffer temperature is found at the top of the canister where the bentonite is in direct 
contact with the copper surface. In wet holes, where the bentonite comes into direct 
contact with the entire canister surface, the maximum buffer temperature is found at 
mid-canister height, which corresponds with the hottest point on the canister surface.  

Measurement results from the Prototype Repository Study at the Äspö Hard Rock 
Laboratory have indicated that some of the deposition holes may be so dry that the 
buffer saturates only very slowly [5.2.2]. In a dry hole, a significant temperature drop 
was observed between the surface of the canister and the buffer, whereas no such drop 
occurred in a wet hole. Given the low rock permeability at Olkiluoto, it may be 
expected that most of the deposition holes will experience similar ‘dry’ conditions. The 
rate of heat transfer is thus sensitive to local conditions (e.g. water availability, water 
content of the bentonite), which are not known exactly. 

The temperature of the canister surface 5000 years after disposal will be between 11 and 
6 °C higher than the natural ambient temperature at repository depth. As the buffer 
saturates (during the operational phase or in the early post-closure period), the gaps 
around the canister close due to bentonite swelling, causing a decrease of up to 12 °C in 
the canister surface temperature as the heat is transferred through the buffer to the rock. 
The typical temperature difference over the 350 mm thick buffer is 15 °C during the 
first decades, if the bentonite is water saturated, and some 5–7 °C more if the bentonite 
stays dry (Pastina & Hellä 2006, p. 142-220).  

There are three important time frames for understanding heat transfer in the buffer. The 
first and most critical time period is that during which the maximum temperature is 
reached, i.e. the first decade or two (Hökmark et al. 2009). The second is the time it 
takes to achieve full water saturation, which is estimated to be from tens of years to 
hundreds or even thousands of years. After that, heat transfer takes place by conduction 
under well-defined conditions. The third occurs after a few thousand years when the 
radiogenic heat production and, thus, heat transfer through the buffer have been reduced 
to a few percent of their maximum values (SKB 2006). 

Overall, the rate of heat transfer through the buffer is influenced by the following 
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features of the repository system. 

 Temperature: temperature differences between the inner and outer surface of the 
buffer lead to heat transfer. 

 Swelling pressure: the swelling pressure influences the bulk thermal conductivity of 
the buffer. 

 Buffer geometry: the dimensions of the buffer influence heat transfer, especially 
before full saturation, due to the size and geometry of gaps between the buffer and 
the canister and rock. Voids do not conduct heat as effectively as solid particles. 

 Water content: the water content during saturation is a primary control on the 
temperature in the buffer. 

 Buffer composition: the mineral composition influences the bulk thermal 
conductivity of the buffer, although the difference in heat conductivity of different 
bentonite types is likely to be a second-order effect. 

Uncertainties in the understanding of the FEP: 

Heat transfer from the canister via the buffer to the geosphere is, in principle, a simple 
process that can be described with basic laws of physics. Reliable data on the thermal 
properties of the engineered barrier materials are available (Ikonen 2009, p. 7-9). The 
available thermal conductivity data do not, however, uniformly cover the entire range of 
expected material conditions.  

Uncertainties also relate to the parameter values applied in the coupled thermal-
hydrogeological models used to describe the evolution of the buffer. Other significant 
uncertainties exist in the context of the heat transfer properties within the interior of the 
deposition holes and relate mainly to the impact of dry conditions. 

Couplings to other FEPs: 

Heat transfer in the buffer is directly affected by the following FEPs:  

 Heat transfer (in the canister) [4.2.2] 
 Water uptake and swelling [5.2.2] 
 Freezing and thawing [5.2.9] 
 Heat transfer (in the geosphere) [8.2.1] 

Heat transfer in the buffer directly affects the following FEPs:  

 Heat transfer (in the canister) [4.2.2] 
 Water uptake and swelling [5.2.2] 
 Montmorillonite transformation [5.2.6] 
 Alteration of accessory minerals [5.2.7] 
 Microbial activity [5.2.8] 
 Freezing and thawing [5.2.9] 
 Aqueous solubility and speciation [5.3.1] 
 Precipitation and co-precipitation [5.3.2] 
 Sorption [5.3.3] 
 Diffusion [5.3.4] 
 Advection [5.3.5] 
 Gas transport [5.3.7] 
 Heat transfer (in the tunnel backfill) [6.2.1] 
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 Heat transfer (in the geosphere) [8.2.1] 
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5.2.2 Water uptake and swelling 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Water uptake; Swelling and mass distribution 5.2.2 and 5.2.4 

General description: 

Bentonite is used as the buffer material because of its ability to swell when it absorbs 
water. Swelling in the confined space of the deposition hole will result in a swelling 
pressure that causes such a low hydraulic conductivity in the buffer that migration of 
radionuclides and other substances through it will only be able to occur by slow 
diffusion [5.3.4]. Other consequences of swelling are that colloids formed within the 
canister will be immobilised or filtered [5.3.6] and microbial growth will be prevented 
[5.2.8]. To ensure the effectiveness of the buffer, therefore, an adequate swelling 
pressure should be maintained for very long periods of time.  

The main mineral component in bentonite is montmorillonite (> 75 wt.%) and it is this 
mineral that provides bentonite with its swelling capability. The degree of swelling is a 
function of the mineralogical characteristics of the montmorillonite, specifically: 

 the osmotic pressure between the charged double layers at the external surfaces of 



167 
 

 

the stacks of the montmorillonite flakes; 

 the stored elastic energy within compressed mineral grains; and 

 the hydration of the interlamellar cations and surfaces of the montmorillonite 
mineral grains.  

The first of these controls swelling pressure at low bulk densities, whereas the latter two 
control swelling pressures at high bulk densities, which are relevant to repository 
conditions. The degree of swelling is also a function of the groundwater composition 
(salinity), which controls the thickness of the charged double layer on the external 
surfaces of the montmorillonite flakes and, thus, the osmotic pressure.  

The buffer will be emplaced in the deposition hole as shaped, compressed blocks or as 
rings around the canister, together with pellets to fill the annular void between the 
blocks and the rock. The initial water content of the blocks and rings is around 17 % 
(Buffer Production Line) but, after emplacement, additional water will begin to be taken 
up by the bentonite due to the surrounding groundwater pressure and the negative 
capillary pressure (suction) drawing water into the bentonite. Water uptake by the buffer 
(‘wetting’) under unsaturated conditions is a complex process that is largely controlled 
by the availability of groundwater in the rock surrounding the deposition hole, the 
hydraulic conductivity of the bentonite and the heat flux emanating from the canister 
(Pastina & Hellä 2006, SKB 2010). If the rate of inflow exceeds the rate of water uptake 
in the bentonite then active flow channels or ‘pipes’ may develop in the buffer [5.2.3].  

Groundwater flow (advection) in the buffer [5.3.5] is of importance soon after 
emplacement of the buffer when the groundwater saturates the buffer and backfill from 
outside. The flowing groundwater entering the deposition hole will transport solutes 
into the buffer, redistribute solutes in the buffer porewater, dissolve accessory minerals 
in the bentonite [5.2.7], and release bentonite in colloidal form [5.3.6]. These processes 
depend largely on the flow rate and the chemistry of the groundwater entering the 
deposition hole.  

The water uptake process will continue until the buffer has become fully saturated. 
Calculations show that the wetting time for the buffer depends strongly on the hydraulic 
conductivity of the rock surrounding the deposition hole (Hökmark 2004, Börgesson et 
al. 2006). If the hydraulic conductivity is relatively high (exceeding 10–12 m/s) then the 
buffer will become saturated within a few to some hundreds of years. It is suggested that 
the bentonite behaviour will exert a primary control on the wetting time for deposition 
holes with a total inflow rate of 3 L/day or more, and that the hydraulic conductivity of 
the near-field rock will be the primary control on wetting times for holes with an inflow 
of less than 1 L/day (Hökmark 2004). Model results indicate that the wetting time could 
extend from about 30 to 40 years up to hundreds of years or longer, depending on the 
hydraulic boundary conditions (Lempinen 2006, Olivella et al. 2012). 

Water uptake could be due solely to groundwater supplied by flow in fractures [8.3.5] 
intersecting the deposition holes. In the case of deposition holes with few intersecting 
fractures, however, the water uptake pathway will be from fractures in the rock to the 
tunnel backfill and then to the buffer. In cases of such low hydraulic conductivity in the 
rock surrounding the deposition holes, the wetting times for the buffer could be very 
long, up to 2000 years with a relatively high hydraulic conductivity in backfill of around 
10-10 m/s (Olivella et al. 2012), because the water will be supplied mainly through the 
tunnel backfill. 
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After complete saturation, the final swelling pressure that will be achieved is dependent, 
in part, on the initial dry density and on factors such as the temperature and the salinity 
of the water being absorbed. 

The hydraulic conductivity of the bentonite in its initial compressed state is a function 
of its density and composition, but also of the ambient temperature and the chemistry of 
the groundwater being adsorbed. High temperatures decrease the viscosity of water, 
which means that the hydraulic conductivity increases with increasing temperature. 
Similarly, high ionic strength groundwaters limit the swelling of the bentonite mineral 
grains which also acts to increase the hydraulic conductivity. The final bulk hydraulic 
conductivity of the saturated buffer thus increases with increasing porewater salinity. In 
the repository, temperatures in the buffer during the resaturation period will be high due 
to radiogenic heat generation [3.2.2] and groundwater salinity up to 70 g/L may be 
possible due to upconing (Hellä et al. 2013). Consequently, understanding the effect of 
temperature and groundwater composition on water uptake is a key consideration. 

Overall, fully-saturated bentonite swelling pressures increase with increasing bulk 
density and decreasing salt concentration (Figure 5-2), although the effect of 
groundwater salinity is relatively small at the higher densities found in the repository 
buffer and will not affect significantly its swelling pressure. 

The couplings between the forces that control bentonite swelling are complex and there 
is no general consensus concerning the detailed mechanisms responsible and the way 
they may be determined or calculated (Karnland & Birgersson 2006). Empirical models 
have, however, been useful for evaluating the effects of the density and salinity on the 
swelling pressure of the buffer. 

The final swelling pressure achieved in the buffer is also partly controlled by swelling 
of the tunnel backfill above the deposition hole that exerts a pressure against the buffer, 
and vice versa. The higher proportion of swelling clay (montmorillonite) in the buffer 
than in the tunnel backfill will mean that the buffer is likely to extrude into the backfill. 

 
 

 

Figure 5-2. Swelling pressure vs. dry density of MX-80 exposed to NaCl solutions. 
From Karnland et al. (2006).  
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In the Buffer Mass Test in Stripa, the buffer was observed to expand 5–7 cm into the 
backfill (a crushed rock and bentonite mixture) in the well-saturated deposition holes 
(Pusch et al. 1985). These field observations have been supported by modelling studies 
that calculate the relative displacement of the interface between the buffer and backfill, 
assuming uptake of water from the near-field rock via a single intersecting fracture. 
These models predict that the buffer/backfill interface heaves upwards approximately 8 
cm (Börgesson & Hernelind 1999; Korkiala-Tanttu 2008; Åkesson et al. 2010). 

The models also predict that the upwards mass distribution of the buffer will cause a 
displacement of the canister during water intake and swelling of the bentonite. The 
canister/bentonite interface first heaves upwards 5–10 mm due to the uneven wetting of 
the buffer but the canister subsequently settles after complete saturation of the bentonite 
and ultimately returns to its initial position. The calculations also show that after 
complete saturation and consolidation of the buffer, its density and swelling pressure are 
lower above the canister than below it or at its sides. 

Assuming a conservative case with totally dry backfill and totally saturated buffer, the 
extrusion is estimated to be less than 30 mm based on very recent model calculations 
specific to the Olkiluoto buffer/backfill design (Leoni 2012). 

The distribution of hydraulically active fractures in the near-field rock will, however, be 
heterogeneous and, consequently, wetting of the bentonite in the deposition holes may 
be non-uniform and vary from one hole to another. This could cause uneven swelling of 
the bentonite and localised mechanical stresses on the canister, resulting in movement, 
tilting or deformation of the canister. If the rate of water uptake is slow, these stress 
effects could continue for hundreds of years until complete saturation of the buffer is 
achieved and pressure on the canister is equalised (Åkesson et al. 2010).  

Localised mass redistribution may occur in the buffer if it intrudes into fractures in the 
near-field rock. This effect will, however, be very limited due to the small aperture of 
the fractures and the shear resistance caused by the friction between the bentonite and 
the fracture surface. If there is no loss of the bentonite due to erosion, the effect will be 
positive because it will result in sealing of the fracture. If, however, it leads to chemical 
erosion and continued loss of bentonite in colloidal form then the buffer may experience 
a loss of swelling pressure [5.2.4].  

Overall, water uptake and swelling of the buffer is influenced by the following features 
of the repository system. 

 Temperature: the availability and behaviour of water in the buffer during saturation 
will depend on this variable.  

 Swelling pressure: affects the pore geometry and distribution, hence affecting also 
hydraulic conductivity. 

 Buffer geometry: influences the hydraulic conductivity of the buffer. 

 Water content: the evolving water content during saturation is a primary control on 
the heterogeneous swelling pressure and mass redistribution. 

 Buffer composition: the mineralogy of the buffer material affects pore geometry, 
final swelling pressure and hydraulic conductivity. 

 Porewater composition: the ionic concentration of the porewater may affect the 
hydraulic conductivity of the buffer. 
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Uncertainties in the understanding of the FEP: 

Water uptake and transport in the buffer under unsaturated conditions and a temperature 
gradient is a complex process that is determined by many coupled sub-processes and 
influenced by parameters of the buffer, backfill and the near-field rock. Many 
experimental data are available on MX-80, but less on the other bentonite types. There 
is large uncertainty and variability in the hydraulic parameters of the near-field rock and 
its role may be decisive for the saturation of the buffer in each deposition hole.  

Uncertainty in the conceptual models is also reflected in the modelling uncertainties and 
approaches. Due to the limitations in the available codes, it is necessary to define a 
representative elementary volume and its water permeability for the rock.  

Another uncertainty is the fracture density in the rock and the capacity of the fractures 
to maintain a constant water flow. It is also necessary to know where it is possible to fix 
the boundary conditions. This means defining where the rock mass is able to maintain 
the hydraulic pressure in spite of the presence of the nuclear waste repository.  

Couplings to other FEPs: 

Water uptake and swelling of the buffer is directly affected by the following FEPs: 

 Heat transfer [5.2.1] 
 Piping and erosion [5.2.3] 
 Chemical erosion [5.2.4] 
 Montmorillonite transformation [5.2.6] 
 Alteration of accessory minerals [5.2.7] 
 Freezing and thawing [5.2.9] 
 Water uptake and swelling (in the tunnel backfill) [6.2.2] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 

Water uptake and swelling of the buffer directly affects the following FEPs: 

 Deformation (of the canister) [4.2.3] 
 Corrosion of the copper overpack [4.2.5] 
 Stress corrosion cracking (of the canister) [4.2.7] 
 Heat transfer [5.2.1] 
 Piping and erosion [5.2.3] 
 Chemical erosion [5.2.4] 
 Radiolysis of porewater [5.2.5] 
 Montmorillonite transformation [5.2.6] 
 Alteration of accessory minerals [5.2.7] 
 Microbial activity [5.2.8] 
 Freezing and thawing [5.2.9] 
 Diffusion [5.3.4] 
 Advection [5.3.5] 
 Colloid transport [5.3.6] 
 Gas transport [5.3.7] 
 Water uptake and swelling (of the tunnel backfill) [6.2.2] 
 Stress redistribution (in the geosphere) [8.2.2] 
 Spalling (in the geosphere) [8.2.4] 
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5.2.3 Piping and erosion 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Mechanical erosion 5.2.3 

General description: 

During the initial hydraulic resaturation phase, groundwater may flow into deposition 
holes through intersecting hydraulically active fractures. If the rate of inflow exceeds 
the rate of water uptake in the bentonite [5.2.2] then active flow channels or ‘pipes’ may 
develop in the buffer.  

Continuing groundwater flow through these pipes could result in progressive erosion of 
the buffer which, over time, may result in a reduction in the density of the buffer that 
could compromise its barrier functions (Pastina & Hellä 2006). 

The risk of piping and erosion reduces as the buffer progressively absorbs the 
groundwater because the consequent increase in swelling pressure limits further water 
inflow. Piping can only take place if (Åkesson et al. 2010): 

 the water pressure exceeds the swelling pressure,  

 the hydraulic conductivity of the buffer is too high to prevent groundwater inflow, 
and 

 there is a downstream location to which the groundwater and entrained solids can 
flow. 

Erosion will take place if the drag forces on the bentonite clay particles can overcome 
the friction and attractive forces between the clay particles and the bulk structure. 

Piping and erosion processes have been studied in conjunction within the KBS-3H 
concept for the buffer and in relation to some tunnel backfill materials for the KBS-3V 
concept (Åkesson et al. 2010). Laboratory experiments at different scales show that 
bentonite is very sensitive to piping and erosion, and that it may take a considerable 
time until the buffer resists piping if the water inflow from a fracture is high and the 
build-up of water pressure in the fracture is fast. Piping in bentonite was observed at the 
Äspö HRL in the LOT and LASGIT field tests. In the latter test, the groundwater inflow 
rate was approximately 0.1 L/min which resulted in an erosion rate of about 1 g/L that 
remained relatively constant for almost 60 days before the flow was stopped artificially 
(Börgesson & Sandén 2006).  

Various laboratory experiments have also been performed on compacted blocks and 
pellets using MX-80 bentonite with different geometries of open flow channels, water 
flow rates and salinities. In one laboratory-scale experiment, using a flow rate of 
0.1 L/min and water with a salinity of 7 %, the maximum measured bentonite erosion 
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rate was 120 g/L but, in every test, regardless of the salinity and flow-rate conditions, 
the measured erosion rates fell below 10 g/L after 24 hours (Punkkinen et al. 2010). 
Erosion rates and accumulated eroded masses were observed to increase as a function of 
salinity, flow rate and the length of the erosion channel. Similar qualitative trends have 
been recorded in other experiments, and an empirical formulation for accumulated 
eroded mass as a function of total effluent volume has been developed (Sandén & 
Börgesson 2010).  

According to this empirical model, the accumulated eroded mass increases linearly with 
total effluent volume. Preliminary calculation results using a numerical model 
incorporating groundwater velocity in the channel, degree of saturation of the buffer, 
free swelling of partially saturated bentonite towards the erosion channel, and the 
detachment and transport of bentonite particles along the erosion channel show 
qualitatively the same scaling law between total eroded mass and total eluted water 
volume as the empirical model (Punkkinen et al. 2010). 

Overall, piping and erosion are influenced by the following features of the repository 
system. 

 Swelling pressure: this is the primary parameter that will limit piping and erosion. 

 Buffer geometry: influences the hydraulic conductivity of the buffer. 

 Water content: the initial water content in the bentonite and the groundwater 
pressure control the rate of free swelling and also the forces attaching bentonite 
particles to buffer. 

 Buffer composition: affects the pore geometry, swelling pressure and hydraulic 
conductivity. 

 Porewater composition: affects the particle size of the eroding material, as well as 
partly determines the rate and magnitude of swelling. 

Uncertainties in the understanding of the FEP: 

Piping and erosion and the subsequent sealing of the buffer is a complicated coupled 
process which is highly dependent on the hydraulic behaviour of the rock. Considerable 
uncertainties exist regarding both the influence of the rock hydrogeology and the ability 
of the buffer to resist these hydrogeological processes.  

The understanding of when piping and erosion may occur and the consequences are not 
currently well-established. The specific dependencies of the rate of erosion on features 
of the repository system (such as flow rate, salinity, initial water content and initial dry 
density) are not well established or quantified. 

Couplings to other FEPs: 

Piping and erosion in the buffer is directly affected by the following FEPs: 

 Water uptake and swelling [5.2.2] 
 Advection [5.3.5] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 

Piping and erosion in the buffer directly affects the following FEPs: 

 Water uptake and swelling [5.2.2] 
 Diffusion [5.3.4] 
 Advection [5.3.5] 
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 Colloid transport [5.3.6] 
 Gas transport [5.3.7] 
 Erosion and sedimentation in fractures (in the geosphere) [8.2.6] 
 Colloid transport (in the geosphere) [8.3.6] 
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5.2.4 Chemical erosion 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Piping and erosion (including chemical erosion) 5.2.3 

General description: 

Chemical erosion refers to the loss of buffer material due to interaction with dilute 
groundwater. As the buffer saturates and swells [5.2.2], it will extrude into the 
hydraulically active rock fractures that intersect the deposition hole. Upon interaction 
with dilute groundwater; the extruded buffer material will continue to expand until it 
begins to flow in a gel state with the moving groundwater or disperses as a colloidal sol 
and is transported away (Figure 5-3).  

The free-swelling behaviour of bentonite is strongly dependent on the valency and ion 
concentration in the interlayer space of the mineral structure (Birgersson et al. 2009). 
Dilute groundwater conditions will allow more expanded systems that will be less 
resistant to chemical erosion in flowing groundwater. The groundwater composition 
(primarily with respect to cation content), buffer composition (primarily with respect to 
exchangeable cation composition), groundwater velocity and fracture aperture are the 
main parameters that control chemical erosion of the buffer in dilute groundwater. The 
groundwater composition defines the dilute conditions under which erosion may occur.  
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Figure 5-3. Schematic illustration of buffer extrusion and erosion in an intersecting, 
transmissive fracture. From Liu & Neretnieks (2006). 

 
The groundwater velocity controls the rate of mass loss for the flowing gel and the 
dispersion of the eroded particles, as well as controlling the shear forces. The fracture 
aperture will partly determine the surface area at the extruded buffer/groundwater 
erosion interface. The bentonite composition is important because material with an 
increased calcium fraction is observed to be less susceptible to chemical erosion 
(Birgersson et al. 2009, Schatz et al. 2011). 

Loss of bentonite due to chemical erosion will lead to a reduction in the density of the 
buffer. If chemical erosion continues for an extended period of time, there will be a 
progressive reduction in swelling pressure [5.2.2] and an increase in the hydraulic 
conductivity of the buffer that could compromise its barrier functions.  

Numerous field and laboratory experiments have been used to assess bentonite colloid 
generation and stability (Wold 2010). The general consensus is that there is a critical 
groundwater ionic strength below which chemical erosion would occur and bentonite 
colloids would be stable. SKB has recently completed a comprehensive R&D and 
modelling study to assess the likelihood and extent of chemical erosion of the buffer in 
dilute groundwaters (Neretnieks et al. 2009).  

There were two main findings from SKB’s project. The first is an experimental result 
indicating that there is a groundwater cation charge equivalent concentration stability 
limit of 4 mM, above which the formation of a colloidal suspension (sol) is prevented 
for buffer materials with a calcium fraction greater than 20 % (Birgersson et al. 2009). 
The second is the development of a DLVO-based (Derjaguin, Landau, Verwey, 
Overbeek), force balance model, adapted to parallel clay layers, that may be used to 
calculate the swelling of sodium montmorillonite into fractures filled with low ionic 
strength groundwater (Neretnieks et al. 2009). In this model, advective loss of 
montmorillonite is quantified by combining the force-balance model for swelling with a 
viscosity model for the repulsive montmorillonite gel and the Darcy equation for two-
dimensional flow in a fracture intersecting the deposition hole. SKB found that the rate 
of montmorillonite mass loss was proportional to the groundwater velocity to the power 
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of 0.41 and directly proportional to the fracture aperture. The DLVO-based model 
assumes that the eroding material consists only of sodium montmorillonite and the 
complete absence of any calcium cations.  

Although low ionic strength surface water may theoretically be predicted to occur at 
repository depth due to events such as a prolonged period of intrusion of glacial 
meltwaters [10.2.2], it is likely that any infiltrating groundwater would become 
increasingly saline due to progressive rock-water interactions [8.2.7]. Furthermore, 
there is no palaeohydrogeological evidence to indicate that any groundwaters 
sufficiently dilute to cause chemical erosion of the buffer have ever reached repository 
depth at Olkiluoto (Site Description). 

Overall, chemical erosion is influenced by the following features of the repository 
system. 

 Swelling pressure: this is a primary parameter that will control chemical erosion. 

 Buffer geometry: influences the hydraulic conductivity of the buffer. 

 Water content: the initial water content in the bentonite controls the rate of swelling 
and also the forces attaching bentonite particles to buffer. 

 Groundwater pressure and volumetric flow rate: affect the detachment rate of 
bentonite particles at the buffer/groundwater interface. 

 Buffer composition: affects pore geometry, swelling pressure and hydraulic 
conductivity. 

 Porewater and groundwater composition: in terms of cation content affects the 
generation and stability of bentonite colloids. 

Uncertainties in the understanding of the FEP: 

Chemical erosion of the buffer in an intersecting, transmissive fracture environment 
carrying dilute groundwater is a highly complex, coupled transport process involving 
buffer material evolution, groundwater composition evolution, and bedrock 
hydrogeology and, as such, significant uncertainties exist with respect to the overall 
understanding of this process.  

There is a possibility that, due to erosion, accessory mineral particles in buffer will 
build-up and form a ‘filter cake’ limiting further loss of buffer mass. Experimental 
results indicate that mass loss can slow down or possibly stop due to filtration effects 
(Birgersson et al. 2009, Richards 2010). However no experimental or analogue results 
are available indicating that such a filter cake would be naturally formed in a repository 
environment. 

Couplings to other FEPs: 

Chemical erosion in the buffer is directly affected by the following FEPs: 

 Water uptake and swelling [5.2.2] 
 Advection [5.3.5] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 

Chemical erosion in the buffer directly affects the following FEPs: 

 Water uptake and swelling [5.2.2] 
 Diffusion [5.3.4] 
 Advection [5.3.5] 
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 Colloid transport [5.3.6] 
 Gas transport [5.3.7] 
 Erosion and sedimentation in fractures (in the geosphere) [8.2.6] 
 Colloid transport (in the geosphere) [8.3.6] 
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5.2.5 Radiolysis of porewater 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 5.2.5 

General description: 

Radiolysis can potentially occur anywhere in the repository system where water is 
exposed to radiation. Radiolysis is, however, of most concern within the canister [3.2.5] 
where dose rates are highest. 

Radiolysis of porewater in the buffer may affect corrosion of the copper overpack of the 
canister [4.2.5] but its significance is very strongly dependent on the dose and dose rate 
within the buffer. 

For as long as the canister remains intact, alpha and beta radiations are shielded by the 
canister’s internal structures and only gamma radiation and neutrons can penetrate 
through the walls of the canister and cause radiolysis of the bentonite porewater. The 
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gamma and neutron dose rates at the outer canister surface have been estimated based 
on the different fuel characteristics and canister designs (Ranta-aho 2008). These 
estimates have shown that the neutron contribution to the dose is less than 20 % of the 
total dose (Anttila 2005, p. 17). The resulting dose rates are well below the dose rate 
limit of 1 Gy/h set as a design criterion for the canister and are mostly due to gamma 
radiation (Raiko 2012).  

The gamma dose rate outside the canister will rapidly decrease with time due to 
radioactive decay of the spent nuclear fuel and become insignificant within the first 
1000 years following emplacement, after which radiolysis of the bentonite porewater 
will become negligible.  

Radiolysis of the bentonite porewater may lead to the formation of stable molecular 
species, such as O2, H2O2 and H2 although this has been shown to be a threshold process 
depending on the type of radiation, the dose rate, water content and composition [3.2.5]. 

The composition of the buffer porewater is important for controlling the accumulation 
of reactive radiolysis products that could potentially corrode the canister. For example, 
Fe2+ in the buffer porewater is an effecting scavenger for oxidising species: 

Fe2+ + OH → Fe3+ + OH- 

Fe2+ + H2O2 → Fe3+ + OH- + OH 

Fe3+ + H2O2 → Fe2+ + HO2 + H+ 

Other important scavenging species that may alter the concentration of radiolytic 
products are Cl- and HCO3

- present in the buffer porewater in equilibrium with 
groundwater. If air is present in the buffer porewater (e.g. before complete hydraulic 
resaturation), nitrogen oxides and possibly nitric acid will be produced by radiolysis of 
aerated water/vapour. The very limited extent of formation of nitric acid possible due to 
the low dose rate will, however, mean that it will have a negligible effect on copper 
corrosion. 

The consequence of the radiolysis of bentonite porewater for corrosion of the canister 
by the accumulation of reactive radiolysis products has been modelled (Christensen & 
Bjergbakke 1982) taking into account the presence of 5 ppm Fe2+ which is consistent 
with calculated iron concentrations in the buffer porewater during repository evolution 
(Wersin et al. 2012). The radiolytic modelling results show that at the expected dose 
rates there is net water decomposition by water radiolysis with formation of O2, H2O2 
and H2. The hydrogen production rate decreases over time and stabilises after about 
1000 years (Christensen & Bjergbakke 1982, Figure 4). A literature review of copper 
corrosion under the effect of radiation concluded that there is no enhanced rate of 
copper corrosion under the expected dose rates and repository conditions [4.2.5]. Pusch 
et al. (1992) exposed MX-80 bentonite to gamma radiation at high (130 °C) temperature 
and observed alteration of accessory minerals and a slight cementation. However, the 
conditions in this experiment are very far from those expected in the repository, in 
particular the gamma dose rates exceed those expected at the surface of the canister by 3 
orders of magnitude.  

In the case of early canister failure, radionuclides that migrate from the canister into the 
buffer could cause higher rates of radiolysis of porewater by alpha and beta radiation as 
well as enhanced rates of O2 and H2O2 formation (due to higher radiolytic yields). It is 
expected that these radiolysis products would be reduced by rapid reaction with the 
accessory minerals in the buffer or react with the internal structures of the canister, and 
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would not result in any significant change to the composition (redox conditions) in the 
buffer porewater. Enhanced corrosion of the canister in this scenario would not be an 
issue because the canister has already failed. 

Overall, radiolysis of the buffer porewater is influenced by the following features of the 
repository system. 

 Radionuclide inventory: this is the primary control on the type of radiation affecting 
the buffer porewater and the dose rate.  

 Water content: controls the absorbed dose in the buffer porewater. 

 Buffer composition: controls the reactions involving radiolytic species that occur. 

 Porewater composition: controls the radiation chemistry and the formation of 
radiolytic species. 

Uncertainties in the understanding of the FEP: 

The radiolysis of water is well understood and there are no significant uncertainties 
regarding the understanding of the processes at the low dose rates expected at the 
surface of the canister. 

Couplings to other FEPs: 

Radiolysis of the buffer porewater is directly affected by the following FEPs: 

 Radioactive decay (and in-growth) [3.2.1] 
 Radiation attenuation (in the canister) [4.2.1] 
 Water uptake and swelling [5.2.2] 

Radiolysis of the buffer porewater directly affects the following FEPs: 

 Corrosion of the copper overpack [4.2.5] 
 Aqueous solubility and speciation [5.3.1] 
 Gas transport [5.3.7] 
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5.2.6 Montmorillonite transformation 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Mineral (montmorillonite) transformation 5.2.6 

General description: 

The main mineral component in bentonite is montmorillonite (> 75 wt.%) and it is this 
mineral that provides bentonite with its swelling properties [5.2.2]. Montmorillonite can 
be altered by a number of different reactions and transformations and, in most cases, the 
altered mineral form has a much reduced swelling capability compared with the 
unaltered montmorillonite. Thus, montmorillonite reactions and transformations, if they 
occurred in the repository, could compromise the safety functions of the buffer. These 
transformations can be divided into: 

 cation exchange reactions, 

 protonation-deprotonation of mineral surfaces,  

 alterations to the structural composition and layer charge,  

 mineral transformations, 

 cementation, and 

 reactions with other repository materials. 

The nature of the exchangeable cations (proportions of mono- and divalent cations) may 
affect the swelling pressure and hydraulic conductivity of the buffer. Cation exchange 
from sodium to calcium may thus cause degradation of the buffer, but this effect is 
insignificant at buffer densities greater than 1500 kg/m3 (Karnland & Birgersson 2006). 
Protonation-deprotonation reactions may lead to montmorillonite transformation at very 
acid or alkaline conditions. 

Alterations to the structural composition and increase in layer charge often precede the 
actual mineral transformation, but they do not necessarily compromise the buffer 
performance because their effect on swelling pressure, hydraulic conductivity and 
thermal stability is usually minor. The mineral transformation reactions pose the 
greatest risk to the safety functions of the buffer and are generally coupled with 
cementation effects. In general, these montmorillonite transformations in the buffer are 
most significant during the immediate post-emplacement period and for the first 
1000 years when repository temperatures are at their maximum (Pastina & Hellä 2006). 

Cation-exchange reactions  

The main cation-exchange reactions (based on sodium bentonite MX-80) are: 

NaX + K+ ↔ KX + Na+ 

2NaX + Ca2+ ↔ CaX2 + 2Na+ 
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2NaX + Mg2+ ↔ MgX2 + 2Na+ 

The control exerted by this process on the calcium and magnesium concentrations in the 
porewater also directly affects the dissolution-precipitation of accessory Mg and Ca 
minerals in the buffer [5.2.7]. 

Protonation-deprotonation of mineral surfaces  

This process contributes to the pH buffering capacity of the bentonite according to the 
following reactions on the smectite edge surfaces (≡S): 

≡SOH + H+ ↔  ≡SOH2
+ 

≡SOH ↔ ≡SO- + H+ 

Surface complexation reactions influence the chemistry of the bentonite porewater, 
especially at high bentonite/water ratios (Bradbury & Baeyens 2002). 

Alterations to the structural composition and layer charge  

The ideal tetrahedral layer structure of montmorillonite consists purely of silicon, and 
the octahedral layer consists of aluminium with some magnesium substituting the 
aluminium (Figure 5-4). Substitution of aluminium for silicon in the tetrahedral layer 
results in an increase in the tetrahedral layer charge, which can be balanced by 
interlayer cations. The net negative charge of montmorillonites varies from 0.4 to 
1.2 per O20(OH)4. 

Investigations at the Äspö HRL in the LOT and Alternative Buffer Materials projects 
have observed a slight increase in the cation exchange capacity (CEC) of bentonites in 
sample profiles with increasing temperature (Karnland et al. 2009; Muurinen 2010, p. 
32, Appendix B). These observations may be the result of structural changes in 
montmorillonite (beidellitisation) but this remains to be established. Beidellites are 
swelling dioctahedral smectites like montmorillonites, but due to aluminium 
substitutions in the tetrahedral layer they tend to have higher net negative charges than 
montmorillonites. An increase in the layer charge is the precursor for illitisation. In the
 

 

Figure 5-4. The mineralogical structure of montmorillonite.  
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absence of potassium, an increase in the layer charge, above a critical limit which 
depends on the interlayer cation, may result in the collapse of the montmorillonite 
structure and fixation of interlayer cations to form non-swelling, paragonite–type 
minerals (Karnland & Birgersson 2006). These minerals are, however, much less 
commonly found in natural sediments than are illites.  

Mineral transformations 

Illitisation: illite has a crystalline structure that is similar to that of montmorillonite but 
with a higher lattice charge (1.2 to 1.8 per O20(OH)4) due to partial replacement of 
tetrahedral silicon by aluminium. The interlamellar space of illite is collapsed due to 
replacement of the hydrated cations by non-hydrated potassium, which makes illite a 
non-swelling mineral. Illite is a common transformation product of smectite and is 
frequently found interstratified with smectite layers, and potentially could occur in the 
buffer at temperatures > 100 °C (Wersin et al. 2007). Illitisation is a well known process 
that has been observed in many different geological environments (Laine & Karttunen 
2010, p. 65-109) and has been reproduced in laboratory conditions. During illitisation, 
silica is released, which may precipitate and induce cementation: 

Ca2+/Na+-montmorillonite + K+ + (Al3+) → Illite + Silica + Ca2+/Na+ 

The transformation is kinetically controlled and dependent mainly on temperature and 
the availability of potassium in the porewater, but is also influenced by the pressure, 
smectite composition and layer charge, and the porewater aluminium and silica 
concentrations. Various models of smectite-to-illite transformation have been developed 
and a kinetic model (Huang et al. 1993) is considered as the most generally applicable. 
This model has been used to calculate the amount of illitisation that might occur under 
the thermal (T < 50 °C after 1000 years) and geochemical conditions ([K+] < 1 mM) 
expected for a KBS-3 repository at Olkiluoto and this showed the process will be 
insignificant (Karnland & Birgersson 2006).  

Chloritisation: chlorite has the same basic 2:1 structure as montmorillonite but the 
octahedral Al concentration is often low. The layer charge is higher than in 
montmorillonite and balanced by positively charged octahedrally coordinated hydroxide 
sheets of Mg, Fe2+, Fe3+ and Al instead of exchangeable cation as in montmorillonite. 
Iron is a common constituent of many chlorites and, thus, chloritisation may be relevant 
in the repository where montmorillonite–iron interactions are thermodynamically 
possible. The kinetic rates for the process are, however, very low and only significant at 
high pH and temperatures > 200 °C, which is considerably in excess of the maximum 
temperature that is expected to occur at the surface of the canister [4.2.2] (Karnland & 
Birgersson 2006). 

Kaolinitisation and pyrophyllitisation: kaolinite and pyrophyllite are non-swelling clays 
that may form from montmorillonite in the absence of potassium at temperatures greater 
than 200 °C and in the presence of brines with salinities in excess of those found in 
Olkiluoto groundwaters. These processes are not, therefore, considered to be relevant 
for the repository (Laine & Karttunen 2010, p. 35).  

Cementation 

Montmorillonite dissolution and transformation reactions may cause the release of 
tetrahedral silica from the mineral structure. The temperature gradient that forms across 
the buffer during the thermal peak [5.2.1] may then induce a silica concentration 
gradient within the buffer. The silica released from the montmorillonite may then be 
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transported to the outer part of the buffer where it can precipitate due to the lower 
temperature. Precipitated silica will form in the pore spaces and cement together the 
bentonite grains, causing a loss of plasticity that may compromise the integrity of the 
buffer. Observations from the Swedish Kinnekulle natural analogue study support this 
mechanism (Pusch et al. 1998), but the extent of the dissolution-precipitation processes 
that might take place under repository conditions is estimated to be small (Arthur & 
Zhou 2005). 

Besides silica, other precipitates (iron oxides, carbonates, sulphates etc.) may cause 
cementation of the buffer but these reactions are generally not coupled with 
montmorillonite transformations and tend to be localised (e.g. adjacent to the canister or 
rock depending on the temperature gradient) and rather short-lived (e.g. related to the 
immediate post-emplacement period). As a consequence, their significance for buffer 
performance is less than that of cementation by silica precipitation.  

Reactions with other repository materials 

Reaction with alkaline leachates from cement degradation: the hyperalkaline leachates 
from cement degradation [7.2.1] may cause dissolution of montmorillonite when the 
tetrahedral silica in the montmorillonite structure becomes available for dissociation 
reactions. At neutral pH, the solubility of silica is negligible, but starts to become 
significant above pH 9 and is 16 times higher at pH 11 than under neutral conditions 
(Karnland & Birgersson 2006). Leachates from degradation of cementitious materials 
such as plugs and seals [7.2.1] may dissolve montmorillonite and liberate silica which 
would precipitate and induce cementation. This would lead to a decrease in the swelling 
pressure, increase in the hydraulic conductivity and expose cemented buffer for 
cracking (Posiva 2009, p. 356). 

Model calculations show that the dissolution reaction and the nature of the secondary 
reaction products are highly dependent on the evolving pH conditions in the bentonite 
porewater. A reaction zone may extend several centimetres into the buffer after a few 
thousand years, and the secondary minerals that are formed may fill (‘clog’) the buffer 
porosity (Lehikoinen 2009, p. 17) although these calculations are preliminary and 
subject to considerable uncertainty.  

Reaction with iron materials and iron corrosion products: iron(II) in solution may be 
present in the bentonite porewater due to corrosion of iron components, such as the iron 
insert in the canister, or originally present as impurities in the buffer or iron from the 
groundwater in contact with the buffer. The iron in solution could reduce iron(III) in the 
montmorillonite structure or replace the magnesium or aluminium in the octahedral 
layer. The mechanism of Fe(III) reduction is not clear. It may well be that it happens 
directly at the interface and does not involve Fe(II) in solution.  

Over a long period of time, interaction of iron with the clay could transform 
montmorillonite into a non-swelling clay mineral (e.g. serpentine minerals such as 
berthierine) or induce cementation via precipitation of secondary iron minerals or silica 
liberated from montmorillonite transformation. In each case, the result would be a 
reduction in the swelling pressure and chemical stability of the buffer. Experimental 
studies performed at room temperatures show no clear evidence of montmorillonite 
transformation into non-swelling minerals, but they do indicate iron incorporation into 
the montmorillonite structure, an increase in CEC and a decrease in swelling pressure 
(Kumpulainen et al. 2010, p. 63-64). There are also experiments showing 
transformation of montmorillonite into non-swelling minerals, mostly at higher 
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temperatures (above 200 °C) but also at lower temperatures down to 80 °C (e.g. as 
summarised in Wersin & Snellman 2008). The uncertainties in the thermodynamic data 
for these newly formed phases and in the transformation kinetics are still large. 

Overall, montmorillonite transformation processes are influenced by the following 
features of the repository system. 

 Temperature: controls the rate of the reactions that induce the transformations and 
temperature gradients can lead to migration and precipitation of solutes. 

 Swelling pressure: influences the availability of chemical components that may react 
with the bentonite. 

 Water content: any reactions would occur at the mineral-water interface and no 
reactions are expected under dry conditions. 

 Buffer composition: the mineralogy and bulk composition of the buffer is significant 
for all chemical reactions in the buffer. 

 Porewater composition: is a significant control for all chemical reactions in the 
buffer. 

 Gas composition: if gas is present, it will be significant for some chemical reactions. 

Uncertainties in the understanding of the FEP: 

Some of these transformation processes, such as illitisation, that release silica that may 
cause cementation, are not yet fully understood in the conditions that would exist during 
the thermal peak when temperatures are close to 100 °C (Posiva 2009, p. 355). 
Screening calculations indicate that the amount of precipitated silica is very small, but 
uncertainties exist in the quantification of the process as well as in understanding the 
effect of silica on buffer properties (e.g. Karnland & Birgesson 2006). 

The composition of the bentonite porewater and the near-field groundwater may vary 
during the evolution of the repository (especially in respect of salinity and abundance of 
exchangeable cations such as Ca and Na) and the effects of these variations need to be 
understood better (Posiva 2009, p. 355-356). Recent work on bentonite porewater 
chemistry has led to an improved geochemical database and updated radionuclide 
solubility limits (Wersin et al. 2012). 

Couplings to other FEPs: 

Montmorillonite transformation is directly affected by the following FEPs: 

 Heat transfer [5.2.1]  
 Water uptake and swelling [5.2.2] 
 Alteration of accessory minerals [5.2.7]  
 Chemical degradation of auxiliary components [7.2.1] 
 Rock-water interaction [8.2.7] 

Montmorillonite transformation directly affects the following FEPs: 

 Water uptake and swelling [5.2.2] 
 Alteration of accessory minerals [5.2.7]  
 Aqueous solubility and speciation [5.3.1] 
 Precipitation and co-precipitation [5.3.2] 
 Sorption [5.3.3] 
 Diffusion [5.3.4] 
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 Advection [5.3.5] 
 Colloid transport [5.3.6] 
 Gas transport [5.3.7] 
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5.2.7 Alteration of accessory minerals  

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 5.2.7 

General description: 

The bentonite material used for the buffer will predominantly contain montmorillonite 
(e.g. 75–90 wt.% in MX-80) but also a range of accessory minerals including feldspars, 
quartz, cristobalite, gypsum, calcite, dolomite, siderite and pyrite as well as minor 
amounts of organic impurities. The type and amount of accessory minerals vary quite 
substantially between the different commercial bentonite products, principally 
depending on the mining site and its geological environment (Kumpulainen & Kiviranta 
2010). 

The swelling pressure of the buffer required for long-term performance is governed by 
the abundance of montmorillonite [5.2.2]. This mineral has a low solubility under the 
conditions expected in the repository near field [5.2.6] and, consequently, the bentonite 
porewater composition is largely controlled by the assemblage of more soluble 
accessory minerals, together with the exchangeable cation reactions of the clay and the 
interactions with the surrounding groundwater. The composition of the porewater 
determines the alteration of accessory minerals. Figure 5-5 gives a schematic illustration 
of the geochemical equilibrium processes considered most important in bentonite. The 
reactions between the porewater with the accessory minerals can be: 

 fast, as in the case of precipitation/dissolution of carbonates and sulphates; or 

 slow, kinetically controlled chemical reactions, as in the case of aluminosilicate 
dissolution.  

Some reactions, such as primary silicate dissolution, are irreversible under repository 
conditions. In general, accessory mineral transformations in the buffer are most 
significant during the immediate post-emplacement period and for the first 1000 years 
when repository temperatures are at their maximum. The relevant reactions are 
discussed below and listed according to their reaction kinetics. 
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Figure 5-5. Schematic illustration of geochemical equilibrium processes in bentonite. 
The montmorillonite layer and interlayer sites are seen on the left, the mineral 
equilibria on the right and the entrapped gases at the top. From Luukkonen (2004).  

 

Sulphate dissolution and precipitation  

This reaction controls the calcium ion concentration in the bentonite porewater leading 
to indirect buffering of the carbonate dissolution/precipitation reaction: 

CaSO4(s) ↔ Ca2+ + SO4
2- 

The precipitation of gypsum (CaSO4•2H2O) and anhydrite (CaSO4) is dependent on the 
temperature such that this process strongly depends on the thermal gradient across the 
buffer during the initial thermal period of the repository evolution. Accumulation of 
sulphates in the hottest parts of the buffer and depletion of sulphates in peripheral parts 
has been confirmed in the LOT and ABM field experiments at Äspö (Karnland et al. 
2009; Muurinen 2010, Appendix A). As temperatures and temperature gradients 
decrease, it is likely that the sulphate precipitates will redissolve, and disperse within the 
buffer by diffusion. 

Dissolution-precipitation of carbonates 

The carbonate minerals of importance are calcite (CaCO3), dolomite (CaMg(CO3)2) and 
siderite (FeCO3), which can dissolve or precipitate according to the following reactions: 

CaCO3(s) + H+ ↔ Ca2+ + HCO3
- 

CaMg(CO3)2(s) + 2H+ ↔  Ca2+ + Mg2+ + 2HCO3
- 

FeCO3(s) + H+ ↔  Fe2+ + HCO3
- 

These reactions are important for controlling the pH of the bentonite porewater and the 
last (iron) reaction is also important for controlling the redox conditions.  

Generally, the solubility of all carbonates is strongly temperature dependent. 
Observations from field tests show that the carbonate content of bentonite decreases 
with increasing temperature (Karnland et al. 2009) which suggests that dissolution of 
carbonates in the buffer closest to the canister can be expected during the post-
emplacement thermal period.  

Precipitation of calcium carbonates (aragonite, CaCO3) has been observed at the 
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interfaces between bentonite and corroding iron (Milodowski et al. 2009; Kumpulainen 
et al. 2010, p. 29). Carbonate reactions that are coupled with iron corrosion are expected 
to be localised in the repository near field. 

Modelling calculations show that the intrusion of the high-salinity Laxemar water 
(similar to high-salinity Olkiluoto groundwater, even if not at repository depth, but 
much deeper) into a buffer comprised of MX-80 bentonite has no significant effect on 
the pH evolution of the buffer porewater, which is predicted to stay close to 7.0. More 
significant changes to pH would occur if dilute and alkaline glacial meltwater were to 
intrude into the buffer, causing dissolution of the carbonate minerals and a consequent 
increase in pH to around 8.3 (Arcos et al. 2008).  

Equilibrium with CO2 (gas) 

The partial pressure of CO2 controls calcite equilibrium and thus alkalinity according to 
the following reaction: 

CaCO3(s) + CO2(g) + H2O ↔ Ca2+ + 2HCO3
- 

This reaction is important for controlling the pH of the porewater.  

Oxidation-reduction processes in bentonite 

The redox conditions in the buffer will be controlled by the redox active components in 
bentonite, such as O2, Fe, S and organic carbon. If pyrite (FeS2) and O2 are present in the 
early phase after emplacement, oxidation can occur through the following reaction: 

FeS2(s) + 3.75O2(g) + 3.5H2O → Fe(OH)3(s) + 2SO4
2- + 4H+ 

Reduction of sulphate is irreversible under repository conditions if sulphate-reducing 
microbes are active. Siderite oxidation is another redox buffering reaction that might 
occur in presence of oxygen: 

FeCO3(s) + 2.5H2O + 0.25O2(g) ↔ Fe(OH)3(s) + H+ + HCO3
- 

In addition, reduction of ferric minerals (e.g. goethite FeOOH) and precipitation of Fe 
monosulphides (FeS) may take place in the presence of dissolved sulphide. Also, 
silicates that contain Fe in the silicate matrices may participate in reduction/oxidation 
reactions, although the kinetics for this to happen are very slow.  

Silica dissolution/precipitation 

Other geochemical processes that can involve accessory minerals in the buffer include 
dissolution/precipitation of silica phases (quartz, cristobalite and amorphous SiO2), 
especially in the presence of a thermal gradient: 

SiO2(s) ↔ SiO2 

Quartz is stable under repository conditions but its solubility increases with increasing 
temperature; consequently silica may dissolve at the higher temperature close to the 
canister and be transported by diffusion outwards into the cooler parts where 
precipitation may take place. In the Buffer Mass Test study at Stripa, the buffer was 
analysed with respect to the distribution of silica but no definite conclusion could be 
drawn regarding possible enrichment in the coldest part (Pusch 1985). 

Dissolution of aluminosilicates 

The dissolution of accessory aluminosilicate minerals in the bentonite, such as 
plagioclase (anorthite CaAl2Si2O8, albite Na2Al2Si2O8) or K-feldspar (KAlSi3O8) may 
occur: 

CaAl2Si2O8 + 8H2O → Ca2+ + 2Al(OH)4
– + 2Si(OH)4 
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Na2Al2Si2O8 + 8H2O → 2Na+ + 2Al(OH)4
– + 2Si(OH)4 

KAlSi3O8 + 8H2O → K+ + Al(OH)4
– + 3Si(OH)4 

The rate of aluminosilicate dissolution is very slow and irreversible under repository 
conditions. Apart from dissolution, incongruent dissolution of primary aluminosilicate 
minerals and formation of secondary aluminosilicate minerals (e.g. kaolinite 
Al2Si2O5(OH)4) may be possible in the very long term: 

CaAl2Si2O8 + 2H+ + H2O → Al2Si2O5(OH)4 + Ca2+ 

All dissolution and alteration reactions involving aluminosilicates are dependent on pH 
and, thus, have an impact on the pH buffering capacity of the bentonite. Aluminosilicate 
dissolution becomes significant when bentonite porewater interact with the high pH 
leachates from cement degradation [7.2.1].  

Overall, the alteration of accessory minerals (and impurities) is influenced by the 
following features of the repository system. 

 Temperature: controls the rate of the reactions that cause the transformations and 
temperature gradients can lead to silica migration. 

 Swelling pressure: influences the availability of chemical components that may react 
with the bentonite. 

 Water content: the reactions would occur at the mineral-water interface and no 
reactions are expected under dry conditions. 

 Buffer composition: the mineralogy and bulk composition of the buffer is significant 
for all chemical reactions in the buffer involving the accessory minerals. 

 Porewater composition: is a significant control for all chemical reactions in the 
buffer. 

 Gas composition: if gas is present, it will be significant for some chemical reactions. 

Uncertainties in the understanding of the FEP: 

A significant uncertainty regarding transformation of accessory minerals is the initial 
mineralogical composition of the buffer material which can vary significantly between 
different sources of bentonite and sometimes between different material batches. In 
addition, there are analytical uncertainties in determining accessory mineral phases. 
Given that the amount and type of accessory minerals such as sulphides and carbonates 
are important for controlling the buffer porewater chemistry, especially redox and pH 
buffering reactions, this introduces uncertainties in predicting the porewater evolution. 
More information on natural variations in the mineralogy of available buffer materials is 
being acquired.   

A key uncertainty concerns cementation due to dissolution/precipitation of silica from 
transformation of aluminosilicate minerals. The dissolution/precipitation mechanisms 
and transport of silica under a temperature gradient are not fully understood. The 
likelihood and consequences of cementation is under study (Posiva 2012). 

Thermodynamic data for many buffer minerals are well established except for the clay 
minerals. The main uncertainties relate, however, to the kinetics of the transformation 
processes. Interactions between accessory minerals with the evolving Olkiluoto 
groundwaters have not yet been fully assessed. 
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Couplings to other FEPs: 

Alteration of accessory minerals is directly affected by the following FEPs: 

 Corrosion (of cast iron insert) [4.2.6]  
 Heat transfer [5.2.1]  
 Water uptake and swelling [5.2.2] 
 Montmorillonite transformation [5.2.6] 
 Microbial activity [5.2.8] 
 Chemical degradation (of auxiliary components) [7.2.1] 
 Rock-water interaction [8.2.7] 

Alteration of accessory minerals directly affects the following FEPs: 

 Corrosion of the copper overpack [4.2.5] 
 Sorption (on the cast iron insert) [4.3.3] 
 Water uptake and swelling [5.2.2] 
 Montmorillonite transformation [5.2.6] 
 Aqueous solubility and speciation [5.3.1] 
 Precipitation and co-precipitation [5.3.2] 
 Sorption [5.3.3] 
 Diffusion [5.3.4] 
 Advection [5.3.5] 
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5.2.8 Microbial activity 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 5.2.8 

General description: 

Microbes exist naturally in deep rock at fracture surfaces and in groundwater. In a 
repository environment these species may migrate into the buffer during water uptake 
and swelling [5.2.2].  

Additional microbes will be introduced directly into the underground disposal facility 
from the surface with the bentonite blocks and other engineering and stray materials. 
These microbes may potentially affect the geochemical system in the buffer provided 
they maintain viable populations under repository conditions. In broad terms, many of 
the introduced microbes will be adapted to near-surface aerobic environments and will 
not be viable in the anaerobic conditions that will prevail post-closure within the buffer. 
The microbial species that may persist under anaerobic conditions include 
methanogenic bacteria and sulphate-reducing bacteria (SRB), acetogens, iron-reducing 
bacteria etc. (a large number of bacteria can be found), although viable populations 
would require access to water, energy, nutrients and space to grow. 

Investigations of several commercially available bentonites show a positive correlation 
between microbial activity and the concentration of organic carbon in the bentonite. 
Many of these bentonites also contain natural populations of thermophilic SRBs that are 
active at temperatures > 50 °C (Masurat et al. 2010a). It is, thus, evident that many of 
the bentonites that may be used as buffer material include SRB that can withstand high 
temperatures and can utilise organic carbon as a nutrient. The activity of these SRB 
species could, under certain conditions within the repository, result in the formation of 
carbon dioxide gas and sulphide.  

Active microbes can produce carbon dioxide gas if organic carbon is available for 
metabolism. Anaerobic methane oxidation has been identified as an important microbial 
process. This process produces sulphide when methane is oxidised with sulphate. 
Therefore, the presence of methane may imply sulphide production when microbial life 
is possible in the buffer. Similarly, microbes may also use naturally occurring hydrogen 
or hydrogen from anaerobic iron corrosion in sulphide production via microbial 
processes. The accumulation of sulphide is of particular interest because it could 
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potentially cause corrosion of the outer surface of the copper overpack [4.2.5]. This 
process is not, however, thought to be significant, because sulphide is commonly 
precipitated with ferrous iron (when present). Therefore, sulphide concentrations in 
deep groundwaters are typically too low to chemically buffer the copper corrosion 
reactions (Pedersen 2010). However, if ferrous iron sources are limited, e.g. dissolution 
of iron silicate is kinetically constrained, notably higher sulphide levels can be observed 
locally. Such is the case in Olkiluoto borehole KR13 where concentrations up to 
12 mg/L have been measured. 

Iron-reducing bacteria have also been demonstrated to dissolve iron-rich smectite 
through reduction of structural Fe(III) at room temperature and atmospheric pressure 
within weeks under good growth conditions. Microbial processes may consequently 
have an influence on the stability of Fe(III)-containing montmorillonites if they 
maintain viable populations under repository conditions.  

Microbes are generally tolerant of radiation, but their resistance varies between species. 
Increasing radiation doses will decrease the number of active microbes. Most microbes 
tolerate large variations in hydrostatic pressure and flow (Pedersen et al. 2000a, 2000b), 
but decreasing water availability reduces the activity and diversity of microbes because 
water is needed for active life. Some microbes can compensate for low water contents 
by using metabolic, energy-consuming processes.  

A combination of low energy availability and low water content is detrimental to many 
microbes. All microbes have a temperature range within which they are active. Within 
this range, increasing temperatures will generally result in increased microbial activity 
and, thus, the microbial populations may be higher during the thermal period compared 
with the ambient temperature period. There is a limit to temperature resistance, 
however, and the highest recorded temperatures for active microbial life are 113 °C 
(Stetter 1996) and, most recently, 121 °C for the single cell microbe Strain 121 (Kashefi 
& Lovley 2003) and 122 °C for a hyperthermophilic methanogen (Takai et al. 2008). 

The activity of SRB has been investigated in compacted bentonites with a range of 
densities at full water saturation using stainless steel oedometers and 35SO4

2− as an 
oxidised sulphur source for the SRB respiratory processes (Masurat et al. 2010b). These 
investigations were performed at the Äspö Hard Rock Laboratory using natural SRB 
populations from the groundwater at a depth of 450 m. The results (Figure 5-6) showed 
that SRB can be active and generate hydrogen sulphide during the initial phase of 
bentonite swelling in a repository.  

In this experiment, copper plates were placed in oedometers either in direct contact with 
the groundwater (exposed) or separated from the groundwater by a 3–4 mm thick layer 
of the compacted bentonite (embedded). The gap that is present in the repository 
between the bentonite and the rock was simulated in the experiment by introducing a 
space between the water inlet filter and the compacted bentonite layer. Groundwater 
was introduced to the oedometers and the bentonite swelled and homogenised. 
Corrosion of the copper caused by the SRB was identified by the generation of 
radioactive hydrogen sulphide. Control experiments were run using filter-sterilised 
groundwater (0.2 µm) and heat-treated bentonite (120 °C for 12 h).  
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Figure 5-6. Graphic representation of the mean copper sulphide production rates on 
copper plates that were exposed (ex) and embedded (em) at different saturated 
bentonite densities (1500, 1800 and 2000 kg/m3). The treatments were unfiltered (uf) or 
filtered (f) in experiment G and exposed to 25 °C (25) and 120 °C (120) for 15 h. From 
Masurat et al. (2010b).  

 

Overall, it was concluded that the rate of copper corrosion was inversely proportional to 
the final density of the water-saturated bentonite. The experiments with sterile 
groundwater and those with sterile groundwater plus heat treatment of the bentonite 
confirmed that SRB can be present in a dormant state in the commercial bentonite. By 
addition of water, these dormant SRB may become active and produce hydrogen 
sulphide until the full swelling pressure is achieved. The significance of these results is 
that two sources need to be taken into account when assessing the importance of SRB: 
one in the groundwater and the other in the bentonite itself.  

Importantly, the pore spaces within the buffer after complete water uptake and swelling 
[5.2.2] are very small and typically around 200 nm in diameter. These pore spaces 
cannot be penetrated or inhabited by microbes because they typically are much larger, 
and vary in size from about 200 nm up to 600 µm. Microbial activity has, thus, been 
demonstrated to decrease exponentially with increasing buffer densities and approach 
nil at densities above 2000 kg/m3 (Masurat et al. 2010b), which is the expected density 
of the buffer after complete swelling. The results obtained on the survival and activity 
of microbes in compacted bentonite can be summarised in a conceptual model, as 
depicted in Figure 5-7. 
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Figure 5-7. A schematic model of microbial activity in the buffer as a function of time. 
From Pedersen et al. (2000a). 

 

Overall, microbial activity is influenced by the following features of the repository 
system. 

 Radionuclide inventory: this controls the radiation intensity and, therefore, dose rate 
to the microbes that may affect their viability. 

 Temperature: temperature increase may enhance microbial activity up to some 
optimal temperature. 

 Swelling pressure: may constrain activity by limiting pore size. 

 Buffer geometry: the size and shape of the pores may constrain microbial activity. 

 Water content: microbes may need water to develop activity. 

 Buffer composition: particularly the content of organic carbon is important as a 
nutrient.  

 Porewater and groundwater composition: controls the availability of nutrients for 
microbial activity. 

 Gas content: significant for microbial processes, particularly availability of methane 
and hydrogen as nutrients and products of microbial activity. 
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Uncertainties in the understanding of the FEP: 

There are a number of uncertainties related to the understanding of microbial activity in 
the buffer. Importantly, the rate of microbial sulphide production (if any) at the final 
swelling pressure remains to be determined. The sulphide production rate-limiting 
factors (such as diffusion of nutrients, energy and dissolved iron, radiation, water 
content and heat stress) need to be better quantified.  

The migration of microbes through compacted bentonite has not been extensively 
studied. Some studies indicate that microbes may clog the porosity of bentonite 
(Francisca & Glatsein 2010) and, consequently, the restrictions due to a small pore size 
and the narrow throat size between the pores may need to be experimentally defined. 
The formation of biofilms on the canister surface has also been proposed. This may be 
the case during the initial swelling phase, but the viability of these microbes will be 
constrained by the same factors as microbes in any other part of the buffer. Furthermore, 
the stress from heat and radiation will be more severe at the canister surface than 
anywhere else in the buffer. 

The mechanisms for survival of microbes in the buffer are not fully understood. 
Evidence for the presence of viable microbes in commercial MX-80 bentonite suggests 
that SRB and also other species can withstand the very dry conditions (10 %) in 
commercial bentonite. The present hypothesis is that microbes are introduced to the clay 
during mining and processing. The clay causes dehydration, which will gently remove 
water from the microbial cells. The cells will be inactive, but viable. This process is 
similar to freeze drying of cells, which also results in inactive but viable cells, e.g. 
freeze-dried baker’s yeast. Adding water revives the microbes to an active life.  

The observed disappearance of microbial activity and viability in highly compacted 
bentonite under repository conditions is hypothesised to be a combined effect from 
desiccation and mechanical pressure and other stress factors. The sum of the stress 
factors, radiation, heat, low initial water availability and a high mechanical pressure 
after saturation of the buffer results in death of the microbes. The exact mechanisms for 
the observed disappearance of viability of microorganisms remain to be clarified.  

Couplings to other FEPs: 

Microbial activity in the buffer is directly affected by the following FEPs: 

 Heat transfer [5.2.1] 
 Water uptake and swelling [5.2.2] 
 Diffusion [5.3.4] 
 Advection [5.3.5] 
 Microbial activity (in the tunnel backfill) [6.2.7] 
 Microbial activity (in the geosphere) [8.2.10] 

Microbial activity in the buffer directly affects the following FEPs: 

 Corrosion of the copper overpack [4.2.5] 
 Alteration of accessory minerals [5.2.7] 
 Aqueous solubility and speciation [5.3.1] 
 Precipitation and co-precipitation [5.3.2] 
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5.2.9 Freezing and thawing 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

The freezing and thawing process is discussed in this report based on the feedback 
received from STUK, although this process would normally be screened out as being 
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‘unlikely’ based on modelling work that suggests permafrost cannot extend to 
repository depths, as discussed below. 

Repeated glaciation and deglaciation events related to climate evolution [10.2.1] are 
expected to occur at Olkiluoto in the future. The most recent estimates (Pimenoff et al. 
2011) suggest that the present interglacial period will last for at least another 
50,000 years, after which there is the potential for very cold periods leading to glacial 
conditions [10.2.2] and the formation of permafrost [10.2.3]. 

Numerical simulations of ground temperature indicate a maximum penetration depth of 
permafrost of between 275–300 m (Hartikainen 2012). As a consequence, freezing of 
the tunnel backfill may occur in the upper parts of the disposal system [6.2.8] but 
permafrost is unlikely to penetrate down to repository depths and, consequently, is not 
expected to affect the buffer. If, however, permafrost did extend to repository depths, 
the porewater in the buffer may still not freeze because radiogenic heat will be 
generated within the spent nuclear fuel and transferred through the canister to the buffer 
[5.2.1] for up to 50,000 years after disposal [4.2.2].  

The freezing point of porewater in the buffer is not precisely known, but will be lower 
than 0 °C because of the high pressure at repository depth and the salinity of the 
porewater, and as a consequence of confining water in small pores due to the Gibbs-
Thomson effect. For buffer material with a dry density of 1.6 g/cm3, experimental 
evidence indicates porewater would freeze at temperatures between –5 to –10 °C 
(Schatz & Martikainen 2010). Independent experiments on backfill materials at 
pressures close to 2 MPa indicated freezing points of between –2 and –3 °C (Schatz & 
Martikainen 2012). These freezing temperatures agree with estimates based on 
observations for unfrozen water in porous soils (Anderson & Tice 1972). For such low 
temperatures to be achieved at repository depth, would require sustained annual mean 
air temperatures of approximately –15 °C (Hartikainen 2012). Such air temperatures are 
not, however, supported by evidence from the past glacial period (Weichselian climate 
data). 

Two sets of independent experiments have investigated the effect of freezing and 
thawing on fully-saturated buffer and backfill materials (Birgersson et al. 2010, Schatz 
& Martikainen 2012). The main conclusions from these studies were that exposure to 
freezing temperatures initially results in a loss of swelling pressure until a critical 
temperature is reached, at which point an increase in pressure occurs due to the 
formation of ice in the material. Increases in pressure, due to ice formation, have been 
observed at temperatures below the freezing points (Schatz & Martikainen 2010, 
Birgersson et al. 2010). Consequently, if the porewater in the buffer material did freeze, 
the increase in pressure would increase the stress on the canister but is unlikely to result 
in any deformation [4.2.3]. The impact of buffer freezing on canister integrity has been 
studied in the canister design (Raiko 2012, Section 8.4.4). Importantly, the effects of 
freezing on the buffer have been shown to be entirely reversible because both its 
swelling pressure and hydraulic conductivity essentially return to the pre-freezing levels 
upon thawing, even after multiple freezing and thawing cycles (Schatz & Martikainen 
2010, 2012, Birgersson et al. 2010).  

If freezing of the buffer porewater occurs after failure of the canister, this would reduce 
the rate at which any radionuclides could migrate through the buffer and in the 
groundwater because both would be frozen. 

Overall, freezing and thawing of the buffer is considered very unlikely because 
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permafrost is not expected to reach repository depths based on climate data used in 
modelling studies. If the buffer did freeze, however, its main function of protecting the 
canister would be temporarily lost because of the changes in its rheological properties. 
During this time, the groundwater in the geosphere up to the surface would be frozen 
with limited or no flow. There would be no long-term reduction in the buffer’s barrier 
properties because the effects of freezing are fully restored when thawing occurs.  

Freezing and thawing of the buffer is influenced by the following features of the 
repository system. 

 Temperature: the geothermal gradient and radiogenic heat generation in the fuel 
control the temperature in the buffer.  

 Swelling pressure: affects the temperature at which freezing of porewater will occur. 

 Buffer geometry: the size and geometry of the deposition tunnels exposed to 
permafrost will affect the mass of buffer that can freeze. 

 Water content: the water content of the buffer affects the amount of expansion and 
stress increase due to freezing and the freezing point. 

 Buffer composition and density: the freezing point is affected by the material 
density, the higher the density the lower the freezing point. 

 Porewater composition: significant because the composition of the porewater affects 
the temperature at which it freezes, the higher the salinity the lower the freezing 
point. 

Uncertainties in the understanding of the FEP: 

The exact depth to which permafrost will penetrate into the geosphere and the duration 
of freezing are uncertain but modelling based on climate data (Weichselian climate 
data) and on the Olkiluoto site conditions (e.g. thermal conductivity in rocks) suggests it 
is highly unlikely that permafrost will extend to repository depths.  

If the permafrost did extend to the buffer, it is uncertain at what temperature the buffer 
porewater would freeze due to variations in radiogenic heat generation, ambient 
pressure and porewater composition, but it is likely to be below 0 °C. If the buffer did 
freeze, the hydraulic conductivity and swelling pressure in the buffer would be affected 
but, at that time, the entire geosphere up to the surface will be frozen with little or no 
groundwater flow. Therefore, the uncertainties related to freezing and thawing of the 
buffer, and the consequences for radionuclide transport, are negligible. The 
consequences of buffer freezing on the canister strength have been considered in the 
canister design and are also considered to be small and not result in deformation. 

Couplings to other FEPs: 

Freezing and thawing in the buffer is directly affected by the following FEPs: 

 Heat transfer [5.2.1] 
 Water uptake and swelling [5.2.2] 
 Permafrost formation [10.2.3] 

Freezing and thawing in the buffer directly affects the following FEPs: 

 Heat transfer [5.2.1] 
 Water uptake and swelling [5.2.2]  
 Diffusion [5.3.4] 
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 Advection [5.3.5] 
 Colloid transport [5.3.6] 
 Gas transport [5.3.7]  
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5.3 Migration FEPs 

The primary safety function provided by the buffer, with regard to migration, is to 
restrict the transport of radionuclides and other species to slow diffusion only. The 
ability of the buffer to provide this function, as part of the engineered barrier system, 
strongly depends on it achieving a high swelling pressure after complete hydraulic 
saturation, and maintaining that pressure over very long periods of time. If a canister 
fails, radionuclides will be released from the fuel and canister (Chapter 3), and will 
migrate through the buffer. A number of processes will then affect the mechanism and 
rate of migration. 

5.3.1 Aqueous solubility and speciation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Dissolution and speciation; Solubility and speciation 5.3.6 

General description: 

Some radionuclides released from the canister will diffuse into the buffer [5.3.4] and be 
available for transport in the geosphere. Waste-derived radionuclides may only occur in 
the buffer after the canister has been breached. This is not expected to occur until 
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several hundred thousands of years after disposal by which time the buffer will have 
reached its full swelling pressure, except for the case of canisters with an initial 
penetrating defect. 

The majority of the radionuclides released to the buffer will be present either in the 
aqueous phase or sorbed to the bentonite mineral surfaces [5.3.3]. Smaller fractions of 
the inventory may also be associated with colloids [5.3.6] or the gas phase [5.3.7]. 

In this context, solubility refers to the total aqueous concentration of an element in all 
dissolved chemical forms in the buffer porewater, which are in equilibrium with each 
other and the minerals in contact with the groundwater. The chemical form (speciation) 
that a radionuclide will take once in the aqueous phase will depend on the presence of 
other dissolved inorganic and organic compounds in the groundwater with which it can 
bond. 

The composition of the buffer porewater will be controlled by a combination of the 
montmorillonite transformation [5.2.6] and alteration of the accessory minerals [5.2.7] 
processes. It is anticipated that the buffer porewater will be chemically reducing and 
mildly alkaline once chemical equilibrium has been reached. 

The speciation depends on the chemical nature of the radionuclide and the composition 
of the bentonite porewater. Under the expected geochemical conditions at Olkiluoto, the 
most relevant ligands are hydroxide, carbonate, sulphate, chloride and sulphide. The 
solubility and sorption of radionuclides are strongly affected by their speciation. In 
general, radionuclides that may form free anions or cations and anionic complexes show 
higher solubility and lower sorption values than those that form cationic and neutral 
complexes. Temperature may have an effect on the release of the radionuclides and their 
solubility and speciation, but only in case of an initial canister failure when the ambient 
temperatures are high. 

The aqueous solubility and speciation of radionuclides in the canister and bentonite 
porewater has been assessed (Wersin et al. 2012) based on reference and bounding 
groundwater compositions during different time periods (Hellä et al. 2013). The 
solubility and speciation was calculated using the THERMOCHIMIE thermodynamic 
database (Andra 2009). This database contains all the critically reviewed and 
recommended data from the NEA. For most of the safety relevant radionuclides, good 
or at least fairly good thermodynamic data and corresponding uncertainties are included 
in the database. For some elements, such as Pa or Mo, the data are rather poor and the 
uncertainties related to speciation are large. For actinides and lanthanides, carbonate 
complexation is important, especially under the more dilute and carbonate-rich 
conditions that might occur due to the intrusion of dilute water from an ice sheet during 
climatic evolution. The sorption of radionuclides forming free cations (e.g. Cs+, Sr2+, 
Ra2+) will be affected by the salinity of the groundwater due to competition for 
interlayer exchange sites with Na+, Ca2+ and Mg2+ in the groundwater. 

Radionuclide transport through the buffer cannot occur before a canister has failed, 
which for most of the canisters is not expected to occur until more than 100,000 years 
after disposal. 

Overall, aqueous solubility and speciation in the near field are influenced by the 
following features of the repository system. 

 Radionuclide inventory: controls the type and amount of radionuclides that may be 
available for transport. 
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 Temperature: a first-order control on the solubility of radionuclides. 

 Swelling pressure: will influence solubility and speciation, but is a second-order 
control in the repository environment. 

 Water content: with low water content in the buffer, radionuclide transport is 
strongly restricted; therefore relevant conditions are those close to saturation. 

 Buffer composition: the mineralogical properties of montmorillonite and of 
accessory minerals affect porewater composition by dissolution / precipitation and 
surface reactions (cation exchange and surface complexation). 

 Porewater composition: is a first-order control on the solubility and speciation of 
radionuclides, particularly the pH, Eh plus the type and concentration of complex-
forming dissolved species in the porewater. 

 Gas composition: will affect the porewater composition (redox) if a two-phase 
system develops. 

Uncertainties in the understanding of the FEP: 

The solubility and speciation of radionuclides in the buffer is constrained by the 
porewater composition which has been assessed by modelling (Wersin et al. 2012). The 
porewater composition will change over time as the near-field system evolves, but the 
variation is uncertain. It has been considered in a robust way, by defining reference and 
bounding bentonite porewaters. Thus, a large span of pH, Eh, carbonate and salinity is 
considered for radionuclide speciation to account for the uncertainty in porewater 
composition. 

There is also some uncertainty related to the thermodynamic data used for modelling 
solubility and speciation. This includes uncertainty in the equilibrium constant, the ionic 
strength extrapolation method, especially for highly saline waters, and the quality of 
data in the database. For many radionuclides, the uncertainty related to the porewater 
composition has a more significant effect on solubility and speciation than that related 
to the thermodynamic data. 

Couplings to other FEPs: 

Aqueous solubility and speciation in the buffer is directly affected by the following 
FEPs: 

 Heat transfer [5.2.1] 
 Radiolysis of porewater [5.2.5] 
 Montmorillonite transformation [5.2.6] 
 Alteration of accessory minerals [5.2.7]  
 Microbial activity [5.2.8] 
 Chemical degradation (of the auxiliary components) [7.2.1] 
Aqueous solubility and speciation directly affects the following FEPs: 

 Precipitation and co-precipitation [5.3.2] 
 Sorption [5.3.3] 
 Diffusion [5.3.4] 
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5.3.2 Precipitation and co-precipitation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None 5.3.7 

General description: 

Precipitation and co-precipitation are two chemical mechanisms that may retard 
radionuclide transport. Bentonite is an effective sorbent and many radionuclides are 
retarded by the mineral grain surfaces due to surface sorption or surface complexation 
[5.3.3].  

If the concentration of a radionuclide exceeds its solubility limit, it will precipitate as a 
solid phase. In the buffer, however, the radionuclide concentrations are expected to be 
very low (below saturation) and, therefore, the primary retardation mechanism will be 
sorption rather than precipitation.  

Co-precipitation of a radionuclide with a major element to form a solid solution may 
also occur in the buffer. This process is strongly influenced by the porewater 
composition, which at any time depends on bentonite-groundwater interactions, and 
thus is site-specific. One important and well-established case of solid solution is the co-
precipitation of Ra-226 with Ba, which has been investigated in detail (Bosbach et al. 
2010). This process is considered for the derivation of radium solubility limits. Other 
than this case, there are few reliable thermodynamic data for solid solutions. 
Consequently, co-precipitation is usually not accounted for in performance assessments, 
which is generally a conservative assumption (Bruno et al. 2007). 

A special case of solid solution is isotopic exchange between a radionuclide in solution 
and a stable nuclide of the same element included in a mineral. This retention process is 
considered for inorganic C-14 which is incorporated in calcite via the isotopic exchange 
process (Bradbury & Baeyens 2003; Wersin et al. 2012). 

Precipitation and co-precipitation of radionuclides in naturally occurring bentonite 
deposits and other clays has been reported in connection with many natural analogue 
studies and also in laboratory experiments (e.g. Cramer & Smellie 1994). 
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Precipitation and co-precipitation are most relevant for defective canister scenarios, 
when temperatures are high and the radionuclide concentrations that may arise in the 
buffer could exceed solubility limits. 

Precipitation and co-precipitation, if it occurred on solid surfaces such as the mineral 
grains, would retard radionuclide transport. The mechanism is considered to be 
irreversible unless a change in geochemical conditions causes the precipitated mineral 
phases to redissolve. It is possible that precipitation could cause the formation of 
suspended colloids directly from solution and, if this were to occur, it might enhance 
radionuclide transport, although colloids are not expected to be mobile in the buffer 
[5.3.6].  

Overall, precipitation and co-precipitation are influenced by the following features of 
the repository system. 

 Radionuclide inventory: controls the availability of radionuclides that could be 
included in precipitates. 

 Temperature: a first-order control on the solubility of radionuclides. 

 Swelling pressure: can influence solubility limits and, thus, precipitation but is a 
second-order control in the repository environment. 

 Buffer geometry: the sizes and shapes of the pores, as well as the electrical and 
chemical surface properties are significant for the nucleation and formation of 
precipitates. 

 Water content: controls the availability of water needed for chemical reactions. 

 Buffer composition: the mineralogical properties of montmorillonite and of 
accessory minerals affect porewater composition and, thus, radionuclide speciation 
and solubility. 

 Porewater composition: is a first-order control on the solubility limits and the 
presence of other dissolved elements controls the potential for co-precipitation to 
occur. 

 Gas composition: will affect the porewater composition (redox) if a two-phase 
system develops. 

Uncertainties in the understanding of the FEP: 

Although the precipitation-dissolution of mineral phases including radionuclides can be 
derived in a straightforward way from thermodynamic data, kinetic constraints may 
inhibit the formation of a given solid phase. There is a lack of kinetic data under 
relevant conditions for many radionuclides. 

Co-precipitation and solid solution formation has been studied only for specific 
systems, such as for pure carbonate and sulphate systems. The uncertainty for repository 
conditions is large and, therefore, this process is usually not considered in radionuclide 
transport modelling, which is generally a conservative approach. 

Couplings to other FEPs: 

Precipitation and co-precipitation in the buffer is directly affected by the following 
FEPs: 

 Heat transfer [5.2.1] 
 Montmorillonite transformation [5.2.6] 
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 Alteration of accessory minerals [5.2.7]  
 Microbial activity [5.2.8] 
 Aqueous solubility and speciation [5.3.1] 
 Sorption [5.3.3] 
 Diffusion [5.3.4] 
 Chemical degradation (of the auxiliary components) [7.2.1] 
Precipitation and co-precipitation in the buffer directly affects the following FEPs: 

 Criticality (if it were to occur) [3.2.11] 
 Sorption [5.3.3] 
 Diffusion [5.3.4] 
 Advection [5.3.5] 
 Colloid transport [5.3.6] 
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5.3.3 Sorption 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Ion exchange; Physical adsorption 5.3.4 

General description: 

Sorption is a general term describing the attachment of dissolved species to mineral 
surfaces. It includes ion exchange, physical adsorption and surface complexation. 
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Sorption can also be considered as the precursor to precipitation.  

Sorption is element specific and depends both on the speciation (valency state, 
hydrolysis, complexation), and on porewater ionic strength and the solid phase surface 
characteristics. Radionuclides may be sorbed on clays either by surface complexation or 
by ion exchange. 

Surface complexation is a mechanism involving a covalent or electrostatic bond 
between the hydrated, surface of the solid and a radionuclide. This mechanism is most 
efficient for cations that are strongly hydrolysed and is very important for radionuclides 
with a high positive charge and high electronegativity (Bradbury & Baeyens 2009a, 
2009b). Surface complexation is also the main sorption mechanism of oxyanions. 

Ion exchange is a process in which an ion in solution is interchanged with another one 
accumulated at the surface of a solid with a permanent surface charge. This occurs 
strongly on clay and mica minerals due to the presence of exchangeable cations that 
compensate for the negative charge in the mineral structure. This mechanism is 
normally more efficient for the less hydrolysable radionuclides species.  

In the buffer, the principal sorbing component is montmorillonite, which has two 
distinctly different types of surfaces, where two different types of sorption can take 
place (e.g. Sposito 1984, Stumm & Morgan 1996). 

First, the surfaces of montmorillonite clay platelets carry a permanent negative charge 
arising from isomorphic substitution of lattice cations by cations of a lower valence. 
Charge neutrality is maintained by the presence of an excess of cations in solution held 
electrostatically in close proximity around the outside of the Al-Si-Al clay units. The 
electrostatically bound cations can undergo stoichiometric exchange with the cations in 
solution. Sorption by this mechanism strongly depends on ionic strength/solution 
composition with weak dependency on pH. Cation exchange reactions are commonly 
described by selectivity coefficients defined over mass action equations (Gaines & 
Thomas 1953). The total permanent negative charge of a clay mineral is defined as the 
cation exchange capacity (CEC). Ion exchange is the typical sorption mechanism for 
alkali and alkaline-earth elements, as well as transition metals at all pH values where 
positively charged solution species are predominant. In MX-80, the major exchangeable 
cation is Na+ whereas in Deponit CA-N the major cations are Ca2+ and Mg2+. The cation 
exchange capacity is about 800 meq/kg in both bentonites (Dohrmann et al. 2012). 

Second, the surface hydroxyl groups (≡S–OH) form reactive sites associated with 
montmorillonite. These groups are situated along the edges of the clay platelets. The 
CEC capacity of these sites in bentonite is about 80 meq/kg (Bradbury & Baeyens 
2002). They can protonate or deprotonate so that the concentrations of neutral, 
protonated and deprotonated edge sites (≡S–OH, ≡S–OH2+, ≡S–O-) change as a function 
of pH. These sites can form complexes with cations and ligands in the solution. Many 
radionuclides can be taken up on the amphoteric hydroxyl surface groups and this 
process, modelled by surface complexation, is probably the most important sorption 
mechanism for heavy metals, transition metals, lanthanides and actinides in bentonite 
systems. The surface complexation of metals at ≡S–OH type sites is normally 
characterised by a strong dependency on pH, a weak dependency on ionic strength and a 
strong dependency on concentration (Bradbury & Baeyens 2003). 

The supply of calcium from the deep groundwater into the buffer and the dissolution of 
calcium-bearing accessory minerals [5.2.7] may convert the Na-clay to the calcium 
form through cation exchange. The exchange process depends strongly on the 
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groundwater chemistry and flow at the buffer-rock boundary. Despite the fact that this 
conversion is accelerated in the presence of a Ca-rich groundwater, the maximum 
conversion to the Ca-form will occur slowly due to the slow diffusion in compacted 
bentonite and the limited groundwater supply from the adjacent host rock. Considering 
saline water and a high groundwater flow rate, only a few percent of the Na-bentonite is 
calculated to alter to Ca-bentonite over the first 10,000 years (Liu & Neretnieks 1997, 
Bruno et al. 1999). If flow rates were much higher due to a hydraulic conductive feature 
intersecting a deposition hole, then 20 % Na by Ca replacement has been calculated 
after 1000 years, and 47 % after 60,000 years (Arcos et al. 2006). Such conditions are 
improbable, however, because the deposition holes will be located away from flowing 
fractures. 

The sorption of radionuclides on the buffer is quantified by the distribution coefficient 
(Kd) between the sorbed concentration as mass per unit mass of solid material and the 
concentration in solution. The Kd value is strongly dependent on the chemical 
conditions and is valid only for the particular experimental conditions studied. Kd 
values of different radionuclides on bentonite have been thoroughly studied by many 
different laboratories and different databases have been compiled by the various waste 
management agencies (Bradbury & Baeyens 2003; Ochs & Talerico 2004).  

Determinations of Kd values in disperse systems cannot be easily extrapolated to 
compacted systems due to the fact that Kd is an aggregated parameter that depends on 
the conditions of the experiment. Mechanistic models and descriptions have been 
developed in recent years that allow a deeper understanding of the sorption processes, 
and facilitate the definition of uncertainty ranges for this parameter (Bradbury & 
Baeyens 2003, Ochs & Talerico 2004).  

Overall, sorption is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for sorption. 

 Temperature: sorption (Kd) and availability of sites is controlled by the temperature. 

 Buffer geometry: may affect the availability of sorption sites. 

 Water content: controls sorption in terms of the availability of the solute species. 

 Buffer composition: controls the nature of sorption sites and their availability. 

 Porewater composition: is a control for all chemical processes in the buffer. 

Uncertainties in the understanding of the FEP: 

Conceptual understanding and a large quantity of measurement data exist for cation 
exchange and sorption of many radionuclides in simplified systems. There is, however, 
a lack of data for understanding and predicting the influence of some important 
variables, such as dissolved carbonate concentration or competition between major 
cations, on radionuclide sorption. This has to be taken into account in evaluating 
uncertainties in Kd values (Ochs & Talerico 2004).  

It is clear that Kd is a highly conditional parameter in terms of chemical conditions (pH, 
ionic strength, etc.) and has to be derived for each set of conditions. No sorption data 
are available for Deponit CA-N. The sorption capacity of the material is, however, 
controlled largely by the montmorillonite content and can be approximated. Also, the 
range of potential changes in groundwater composition during upconing and as a result 
of glacial cycles will be important sources of uncertainty. 
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Couplings to other FEPs: 

Sorption in the buffer is directly affected by the following FEPs: 

 Heat transfer [5.2.1] 
 Montmorillonite transformation [5.2.6] 
 Alteration of accessory minerals [5.2.7]  
 Aqueous solubility and speciation [5.3.1] 
 Precipitation and co-precipitation [5.3.2] 
 Diffusion [5.3.4] 
Sorption in the buffer directly affects the following FEPs: 

 Criticality (if it were to occur) [3.2.11] 
 Precipitation and co-precipitation [5.3.2] 
 Diffusion [5.3.4] 
 Advection [5.3.5] 
 Colloid transport [5.3.6] 
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5.3.4 Diffusion 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Advection-diffusion 5.3.1 

General description: 

Diffusion is the process whereby chemical species move under the influence of a 
chemical gradient (usually a concentration gradient). In the buffer, diffusion of 
dissolved species will be the dominant transport process to the geosphere for 
radionuclides released after the canister has failed. Diffusion in the buffer is also an 
important process for: 

 mineral transformation of the bentonite [5.2.6] and the accessory minerals [5.2.7] in 
the buffer, and the development of porewater composition; and 

 the transport of corrosive substances (e.g. sulphide, oxygen) to the surface of the 
copper overpack [4.2.5]. 

The final swelling pressure that is achieved after water uptake [5.2.2] is the dominant 
control on the rate of diffusion. This is a direct consequence of the corresponding 
change in porosity and pore dimensions. Buffer geometry determines the diffusion 
lengths. The influence of pore geometry is included in tortuosity and constrictivity, and 
its effect is seen in the values of the diffusion coefficients.  

The composition of smectite, bentonite and the porewater also affect the diffusion 
coefficients. Diffusion in bentonite has been thoroughly studied in conjunction with 
radionuclide transport. Diffusion equations for radionuclides have been described in 
detail (Yu & Neretnieks 1997; SKB 2006).  

Diffusivity data for radionuclides through compacted bentonite have been compiled by 
different authors and are summarised in Wersin et al. (2012). There may be differences 
in the diffusion behaviour of anions, cations and neutral species through the buffer. 
Anions may be excluded to some extent from the smallest micropores due to their 
repulsion from negatively charged mineral surfaces. Diffusion within the electrical 
double layer next to the mineral surfaces (surface diffusion) may also occur, and 
contribute to the overall diffusion coefficient.  

Maintaining a diffusive barrier is dependent on the physical and chemical processes that 
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affect the buffer over time. Loss of swelling pressure can occur due to piping and 
erosion [5.2.3] and chemical erosion [5.2.4] or alteration of the montmorillonite [5.2.6]. 
Slow loss of swelling, and an increase in diffusion rates, is anticipated but it is not 
expected to be significant for safety over the time scales of interest. If, however, there 
was substantial loss in swelling pressure, advection might become significant for 
radionuclide transport [5.3.5]. 

A semi-permeable boundary will form at the buffer-rock interface after swelling of the 
buffer in the deposition hole. This boundary results in the action of two strongly 
coupled mechanisms: Donnan equilibrium and osmotic pressure. 

Donnan equilibrium is caused by the distribution of ions between an ionic and colloidal 
solution (like montmorillonite) that are separated by a semi-permeable membrane or 
boundary (Karnland 1998, Ståhlberg 1999). The ions and solvent can pass across the 
boundary but the colloidal particles cannot. The boundary maintains an unequal 
distribution of ionic solute concentration by acting as a selective barrier to ionic 
diffusion. The condition for equilibrium is that the chemical potentials are equal on both 
sides of the membrane for all components that can permeate. 

Osmosis is the net movement of a solvent across a semi-permeable membrane from a 
region of high solvent potential to a region of low solvent potential when the membrane 
is permeable to the solvent but not the solute. The movement of the solvent can be 
counteracted by increasing the pressure of the more-concentrated solution (low solvent 
potential) with respect to the less-concentrated one (high solvent potential). The osmotic 
pressure is defined to be the pressure required to maintain the equilibrium, with no net 
movement of solvent. Osmotic pressure depends on the concentration of the solute but 
not on its identity. The total osmotic pressure is the sum of the partial pressures caused 
by each solute type. 

In the buffer, an osmotic pressure may form between the groundwater and the bentonite 
porewater.  

Overall, diffusion is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for diffusion. 

 Temperature: controls the rate of diffusion, although this is of secondary 
importance. 

 Swelling pressure: controls whether advection or diffusion is the dominant transport 
mechanism. 

 Buffer geometry: affects the pathways for diffusion. 

 Water content: affects the swelling pressure and bulk diffusivity. 

 Buffer composition: affects the final swelling pressure that is achieved. 

 Porewater composition: controls the concentration gradient that drives diffusion. 

 Gas composition: if gas is present, it affects the diffusion rate and process. 

 
Uncertainties in the understanding of the FEP: 

There is a good conceptual understanding of the diffusion process that will occur in 
water-saturated, swollen bentonite. There are also good parameter data available for 
radionuclide diffusivities in buffer material that has reached its intended swelling 
pressure and density under expected repository conditions (Wersin et al. 2012). There 
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is, however, some uncertainty about the diffusion rates and processes that may occur in 
a buffer that has a reduced swelling pressure caused, for example, by chemical erosion. 

Couplings to other FEPs: 

Diffusion in the buffer is directly affected by the following FEPs: 

 Heat transfer [5.2.1] 
 Water uptake and swelling [5.2.2] 
 Piping and erosion [5.2.3] 
 Chemical erosion [5.2.4] 
 Montmorillonite transformation [5.2.6] 
 Alteration of accessory minerals [5.2.7] 
 Freezing and thawing [5.2.9] 
 Aqueous solubility and speciation [5.3.1] 
 Precipitation and co-precipitation [5.3.2] 
 Sorption [5.3.3] 
 Colloid transport [5.3.6] 
Diffusion in the buffer directly affects the following FEPs: 

 Criticality (if it were to occur) [3.2.11] 
 Corrosion of the copper overpack [4.2.5] 
 Stress corrosion cracking (of the canister) [4.2.7] 
 Diffusion (in the canister) [4.3.4] 
 Microbial activity [5.2.8] 
 Precipitation and co-precipitation [5.3.2] 
 Sorption [5.3.3] 
 Gas transport [5.3.7] 
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5.3.5 Advection 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Advection-diffusion 5.3.1 

General description: 

Advection (flow) is the bulk movement of groundwater due to a hydraulic (head) 
gradient. This process is important during the period soon after the emplacement of the 
dry, compacted bentonite blocks. 

During the initial hydraulic saturation phase, groundwater may flow into deposition 
holes through intersecting hydraulically active fractures. If the rate of inflow exceeds 
the rate of water uptake in the bentonite [5.2.2] then active flow channels or ‘pipes’ may 
develop in the buffer.  

Advection will continue until a sufficient swelling pressure has been achieved so that 
the hydraulic conductivity of the bentonite becomes too low to support advective flow. 
Complete swelling of the buffer should occur long before the canister fails and, 
therefore, advection in the buffer is not considered a significant process for radionuclide 
transport. 

Maintaining a diffusive barrier is dependent on the physical and chemical processes that 
affect the buffer over time. Loss of swelling pressure can occur due to piping and 
erosion [5.2.3] and chemical erosion [5.2.4] or alteration of the montmorillonite [5.2.6]. 
Slow loss of swelling, and an increase in diffusion rates, is anticipated but it is not 
expected to be significant for safety over the time scales of interest. If, however, there 
was substantial loss in swelling pressure, advection might become significant for 
radionuclide transport. 

If advection through the buffer did occur, it would suggest that colloidal transport might 
also take place [5.3.6] because open pathways might be created. 

Overall, advection is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for advection. 

 Temperature: a temperature gradient will cause thermal convection if advection is 
possible. 

 Swelling pressure: controls whether advection or diffusion is the dominant transport 
mechanism. 

 Buffer geometry: affects the pathways for advection, such as through ‘pipes’. 

 Water content: the initial water content in bentonite will control the wetting time 
and period over which advection takes place. 

Uncertainties in the understanding of the FEP: 

Water uptake and advection in the buffer under unsaturated conditions and in the 
presence of a temperature gradient is a complex process that is determined by many 
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coupled sub-processes and influenced by parameters of the buffer, backfill and the near-
field rock. 

Advection through the buffer after complete swelling is not anticipated, although it 
could occur if physical or chemical processes caused the swelling pressure to drop 
substantially. The conditions under which this may occur are uncertain, although 
considered unlikely. 

Couplings to other FEPs: 

Advection in the buffer is directly affected by the following FEPs: 

 Criticality (if it were to occur) [3.2.11] 
 Advection (in the canister) [4.3.5] 
 Heat transfer [5.2.1] 
 Water uptake and swelling [5.2.2] 
 Piping and erosion [5.2.3] 
 Chemical erosion [5.2.4] 
 Montmorillonite transformation [5.2.6] 
 Alteration of accessory minerals [5.2.7] 
 Freezing and thawing [5.2.9] 
 Precipitation and co-precipitation [5.3.2] 
 Sorption [5.3.3] 
 Gas transport [5.3.7] 
Advection in the buffer directly affects the following FEPs: 

 Advection (in canister) [4.3.5] 
 Gas transport (in the canister) [4.3.7] 
 Piping and erosion [5.2.3] 
 Chemical erosion [5.2.4] 
 Microbial activity [5.2.8] 
 Colloid transport [5.3.6] 
 Gas transport [5.3.7] 
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5.3.6 Colloid transport 

Type: Class: 

Process Migration 
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Alternative names: Number in 2007-12: 

Colloid facilitated transport 5.3.3 

General description: 

In general, any particle that has a linear dimension between 10-9 and 10-6 m (i.e. nm to 
µm size) is considered to be colloidal (Hiemenz & Rajagopalan 1997). Larger solids are 
often termed ‘suspended particles’ and anything smaller is considered to be in solution. 

Most colloidal phases are effective sorbents because of their high surface/volume ratio. 
This is particularly true for inorganic colloids such as clay minerals, metal oxides and 
carbonates that are effective at adsorbing radionuclides and metals through ion 
exchange and surface complexation reactions (Ryan & Elimelech 1996).  

The presence of colloids in the repository may have a significant influence on 
radionuclide transport (Alonso et al. 2006), but only after the canister has failed. 
Consequently, colloid formation and colloidal transport are particularly relevant to the 
defective canister scenarios. For the entire time the canister remains intact, no colloid-
mediated radionuclide transport can occur in the buffer. 

In the repository system, a variety of inorganic, organic and biological colloids 
originating from either the natural groundwater or the buffer may serve as source 
material for colloid-mediated transport. It is possible also, under repository pH 
conditions, that hydrolysed radionuclide species may form intrinsic colloids through 
aggregation. For colloid-mediated transport to be considered significant for repository 
safety, a number of conditions must be satisfied (Wold 2010). The colloids should: 

 be present at sufficient concentration; 

 have sufficient affinity for radionuclide binding; 

 be stable at prevailing conditions for sufficient duration; and 

 be sufficiently mobile. 

 
These processes are illustrated, for the bentonite/host rock interface, in Figure 5-8.  

At equilibrium, colloid stability is primarily controlled by ionic strength. The 
background colloid concentrations measured at Olkiluoto, specifically in ONKALO, 
have been monitored since 2006 to a depth of about 85 m (Posiva 2009, p. 95) and the 
most recently reported data indicate sub-ppm mass concentrations (Takala et al. 2009, 
p. 20). Although colloid populations have not yet been monitored at repository depth, it 
is reasonable to assume that they will be even lower given the higher salinity at such 
depths (10–20 g/L).  

It is generally considered that the buffer, once it has reached its full swelling pressure 
[5.2.2], will serve as an efficient filter of all but the smallest colloids. This view has 
been supported by numerous laboratory experiments. For example, column-type 
transport experiments using 15 nm gold colloids in compacted Kunigel bentonite with a 
relatively low dry density of 1000 kg/m3 showed that the colloidal particles were 
effectively filtered (Kurosawa et al. 1997). Filtration would be expected to be even 
more effective at higher dry densities. 
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Figure 5-8. Schematic diagram of colloid processes relevant to radionuclide migration. 
From Alonso et al. (2006). 
 
 
Studies with organic colloids in compacted MX-80 bentonite have shown that these may 
be able to diffuse through bentonite compacted to dry densities between 600–
1800 kg/m3 at a solution ionic strength ≥ 0.01 M. Given the broad size distribution of 
the starting organic material and the extremely low amounts of diffusing mass, however, 
a significant filtration effect cannot be ruled out (Wold & Eriksen 2003). In more recent 
studies evaluating the diffusion of negatively charged 2, 5 and 15 nm gold colloids in 
MX-80 bentonite compacted to dry densities of between 600 and 2000 kg/m3, colloid 
diffusion was observed only for the smallest particles at the lowest dry density 
(Holmboe et al. 2010). 

In the case of a buffer system in contact with an intersecting, transmissive fracture, 
chemical erosion of the bentonite involving colloidal transport cannot be ruled out 
[5.2.3]. In this case, radionuclide sorption onto the eroded bentonite mineral grains 
could lead to colloid-mediated radionuclide transport (Alonso et al. 2006).  

The sorption properties of actinides, fission products and activation products on 
bentonite and other minerals have been well studied (Wold 2010). There are, however, 
few reliable data regarding desorption and even fewer for adsorption/desorption to the 
colloidal fraction, particularly with respect to the longer time scales more relevant for 
transport processes through the geosphere. Such information could help determine 
whether sorption onto colloids should be treated as a reversible or irreversible process in 
radionuclide transport models. Nonetheless, bounding assessment calculations can be 
carried out with conservative assumptions. 

Overall, colloidal formation and colloid transport are influenced by the following 
features of the repository system. 

 Radionuclide inventory: controls the radionuclides that may be available for 
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association with colloids. 

 Temperature: the stability of colloids may be temperature dependent, although this 
is only a second-order control. 

 Swelling pressure: a higher swelling pressure leads to more effective colloid 
filtration because it reduces the size and shape of pore spaces. 

 Buffer geometry: the size and shape of the pore spaces is important for determining 
the efficiency of filtration of colloids. 

 Water content: the primary control on the swelling pressure and, thus, the ability of 
the buffer to filter colloids. 

 Buffer composition: influences the composition of colloids formed from bentonite. 

 Porewater composition: is an important control for the formation and stability of 
colloids. 

Uncertainties in the understanding of the FEP: 

Given the observed diffusivity of lignosulfate colloids through compacted bentonite, the 
issue of organic-colloid-mediated radionuclide transport may warrant further 
examination. 

The uncertainties regarding chemical erosion of the buffer apply here, with special 
emphasis on bentonite colloids as source material for colloid-mediated radionuclide 
transport. 

There is a lack of accurate data regarding radionuclide sorption on colloids, in particular 
montmorillonite colloids (Wold 2010). Forms of uncertainty include experimental error, 
the conditional nature of experimentally determined distribution coefficients, not only 
on geochemical conditions but also on the specific characteristics of the colloid, and 
effects due to colloid size distributions. 

Couplings to other FEPs: 

Colloid transport in the buffer is directly affected by the following FEPs:  

 Colloid transport (in the canister) [4.3.6] 
 Water uptake and swelling [5.2.2] 
 Piping and erosion [5.2.3] 
 Chemical erosion [5.2.4] 
 Montmorillonite transformation [5.2.6] 
 Freezing and thawing [5.2.9] 
 Precipitation and co-precipitation [5.3.2] 
 Sorption [5.3.3] 
 Advection [5.3.5] 
 Gas transport [5.3.7] 
Colloid transport in the buffer directly affects the following FEPs: 

 Diffusion [5.3.4] 
 Colloid transport (in the geosphere) [8.3.6] 
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5.3.7 Gas transport 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Two-phase flow 5.3.2 

General description: 

Gas in the buffer can originate from air incorporated in the bentonite at the time of 
emplacement or introduced by the groundwater. If the initial quantity of air in the buffer 
is small or the rate of new gas generation is low, the gas (air) will be dissolved by the 
groundwater and will be transported out of the repository by diffusion.  

During the initial post-emplacement period, before complete saturation of the buffer, the 
thermal gradient across the bentonite will cause the bentonite closest to the canister to 
become drier [5.2.1] and there will be a vapour flux towards the outer, cooler parts of 
the bentonite where it will condense. This vapour flux is governed mainly by Fick’s law 
in the absence of a gas pressure gradient. As the bentonite closest to the canister dries 
out due to the vapour flux, its thermal conductivity reduces and the temperature 
increases (Olivella et al. 2012, Pintado et al. 2012). 

Additional gas can be generated in the repository by corrosion of the cast iron insert 
[4.2.6], radiolysis of water [3.2.5, 5.2.5] or microbial activity [5.2.8]. Of these, 
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corrosion of the cast iron insert is likely to be the primary source of gas, but this cannot 
occur until after the canister has failed. Consequently, gas transport is particularly 
relevant to the defective canister scenarios. 

If the rate of gas generation exceeds the capacity of the groundwater to dissolve the gas, 
then a free gas phase may be formed in the deposition hole and a gas pressure will 
develop. If the gas pressure increases and exceeds the confining pressure imposed by 
the buffer, it will open a flow path and ‘break through’ the buffer. The pore geometry, 
swelling pressure, smectite composition, porewater composition and bentonite 
composition are all relevant factors determining the break-through pressure. After 
breaking through, the gas pressure will drop again to a point where the gas transport 
pathway closes (the ‘shut-in pressure’). 

Several gas migration experiments and modelling studies have been performed in 
compacted bentonite over the last 20 years, and these have considerably improved the 
understanding of this process (Harrington & Horseman 2003; SKB 2006; Rodwell 
2005; Olivella & Alonso 2008). These studies provide strong evidence that free gas is 
able to be transported through bentonite via a network of pressure-induced pathways. 

The main gas transport process is an advective flux which is controlled by the pressure 
gradient and corresponds to Darcy’s law. There is also a non-advective flux which is 
controlled by the concentration gradient and corresponds to Fick’s law.  

The gas pressure depends on the temperature and gas permeability through the buffer, 
which in turn depend strongly on the water content of the clay because this determines 
the swelling pressure [5.2.4]. Since the gas pressure depends on the temperature, gas 
expelling and formation of pathways in the buffer is most relevant during the initial 
thermal phase. The intrinsic permeability for gas is orders of magnitude higher than for 
water. In unsaturated conditions, macropores are present in the clay and the gas flows 
easily. When the clay becomes saturated, the pores are much smaller and the buffer 
material is less permeable.  

Radionuclides can be transported directly in the gas phase (e.g. C-14 in methane or H-3 
as hydrogen gas), although H-3 is of little relevance to post-closure safety due to its 
short half-life. Radionuclides may also be transported in the aqueous phase within water 
expelled from the buffer by the gas as it breaks through and is transported through the 
gas pathways. The creation of gas pathways and the movement of a free gas phase 
through them are not, however, expected to displace a significant amount of porewater 
or dissolved radionuclides (Harrington & Horseman 2003).  

Gas expulsion and formation of pathways are most relevant during the initial thermal 
phase when water may contact the cast iron insert in a defective canister scenario. If 
sufficient gas pressure is produced in the canister due to corrosion of the cast iron insert, 
transport pathways may be forced open through the buffer allowing rapid gas outflow. 
If, however, the breakthrough pressures are not exceeded, gaseous species would 
migrate only by diffusion when dissolved in the aqueous phase.  

Overall, gas transport is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that may be available for gas 
transport. 

 Temperature: significant for the reaction rates leading to gas production and controls 
gas pressure and transport. 

 Swelling pressure: controls the breakthrough pressure required to form gas 
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pathways. 

 Buffer geometry: influences the formation of paths for gas transport. 

 Water content: may control the amount of gas in solution and the transport of gas. 

 Porewater composition: controls the solubility of gas and whether a separate gas 
phase can form. 

 Gas composition: the nature of the gas will control whether it is dissolved or in a gas 
phase. 

Uncertainties in the understanding of the FEP: 

The hydro-mechanical behaviour of the water/vapour/gas system in a defective canister 
is governed by several coupled processes and parameters. Significant uncertainties 
related to mechanistic understanding, system modelling and data remain. The observed 
gas transport through bentonite can be interpreted in different ways and experimental 
data are lacking to allow confirmation of a detailed modelling approach. The 
uncertainty concerns the number, size, spatial arrangement and persistence of the gas-
bearing fractures in bentonite. 

Couplings to other FEPs: 

Gas transport in the buffer is directly affected by the following FEPs:  

 Heat transfer [5.2.1] 
 Water uptake and swelling [5.2.2] 
 Piping and erosion [5.2.3] 
 Chemical erosion [5.2.4] 
 Radiolysis of porewater [5.2.5] 
 Montmorillonite transformation [5.2.6] 
 Freezing and thawing [5.2.9] 
 Diffusion [5.3.4] 
 Advection [5.3.5] 
Gas transport in the buffer directly affects the following FEPs: 

 Gas transport (in the canister) [4.3.7] 
 Advection [5.3.5] 
 Colloid transport [5.3.6] 
 Gas transport (in the geosphere) [8.3.7] 
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6 TUNNEL BACKFILL 

6.1 Description 

In Posiva’s KBS-3V type repository, the deposition tunnels will be backfilled to prevent 
them from providing fast pathways for groundwater flow and radionuclide transport. 
The tunnel backfill will include a number of physical subcomponents, as shown in 
Figure 6-1: 

 the backfill blocks, which are made of a compressed clay-rich material that will be 
stacked on a foundation layer (floor), which provides a stable surface; 

 pellets and floor material (bentonite); 

 the void spaces between the backfill blocks, and between the blocks and the rock, 
which will be filled with bentonite pellets. 

Initially the void spaces will contain air but, as the near field resaturates, they will 
become water filled. This backfill porewater will be groundwater that equilibrates with 
the minerals in the backfill material. 

The reference material for the backfill blocks is Friedland clay which is a natural 
material (with nm to µm size particles). The pellet material consists of Na-activated 
 

 

Figure 6-1. A conceptual picture of a backfilled tunnel, with all dimensions in 
millimetres. Theoretical excavation (inner dotted line) and rock surface illustrate the 
amount of over-break. The maximum tolerances (outer dotted line) are based on the 
tolerances for the ONKALO demonstration tunnel: +400 mm for the floor and +300 mm 
for walls/arch. The figure is not to scale. From the Backfill Production Line report.  
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Ca-bentonite from Milos, Greece (Hansen et al. 2010) with smectite content of ~ 80 % 
(Ahonen et al. 2008, Carlson 2004). The foundation layer material will consist of 
granular Milos bentonite with the similar mineralogical properties as the pellet material 
(Backfill Production Line). 

After emplacement, groundwater from the surrounding rock will begin to be absorbed 
by the bentonite pellets and the backfill blocks, causing them to swell. Compared with 
the buffer, the final swelling pressure in the tunnel backfill will be lower (~200 kPa) and 
the hydraulic conductivity will be greater, but still sufficiently low (< 1·10-10 m/s) that 
groundwater will migrate through it mainly by diffusion. 

The final swelling pressure in the backfill will depend, in large part, on the swelling 
clay content and the extent to which the tunnel can be filled with the backfill blocks. In 
turn, this is controlled by the degree of over-excavation in the tunnel rock contour 
which is assumed to vary between 0 % and 36 % of the total tunnel volume (Table 6-1, 
based on Backfill Production Line). This gives an average overbreak of 18 % and a 
block filling degree of 72–79 % for the block layout in the OL1−3 tunnels shown in 
Figure 6-1 (Description of the Disposal System, Chapter 8).  

The current design of the disposal facility assumes a broadly similar backfill design for 
the underground openings outside the deposition tunnels as for the deposition tunnels 
themselves (Chapter 7), although different parts of the system have different functional 
requirements that will guide the selection of the materials to be used for closure. The 
requirements may vary depending on the vertical or horizontal distance from the 
canisters and the conditions of the rock. For example, in the upper parts of the access 
tunnel (Chapter 7), crushed rock may be used in a mixture with clay to provide a bulk 
backfill material.  

 
Table 6-1. Block filling degrees calculated for OL1−3 deposition tunnel with varying 
overbreak (Backfill Production Line). “Max” refers to a case with maximum possible 
tunnel cross-section and “Min” to a case with minimum possible tunnel cross-section.  

 Max Average Min 

Excavation tolerances:    

Roof and walls (mm) 300 150 0 

Floor (mm) 400 200 0 

Cross-section areas from the design: 

Theoretical tunnel cross-section* (m2) 14.10 14.10 14.10 

Realised cross-section with tolerances (m2) 19.18 16.64 14.10 

Over-breakage (%) 36.00 18.00 0.00 

Block filling degree: 

Block filling degree from realised tunnel volume (%) 63.15* 72.79 85.89 

Note: * denotes the minimum value representing conditions described above. 
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6.1.1 Long-term safety and performance 

The long-term safety principles of the deposition tunnel backfill and plugs are to keep 
the buffer in place and help restore the natural conditions in the host rock. 

The safety functions assigned to the deposition tunnel backfill are to: 

 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. 

It is intended that the backfill shall, with the exception of incidental deviations, retain its 
favourable properties over hundreds of thousands of years (Design Basis). 

The deposition tunnel plugs are dealt with in connection with the Auxiliary components 
in Chapter 7. 

The ability of the backfill to provide these safety functions, as part of the engineered 
barrier system, strongly depends on it achieving a sufficiently high swelling pressure 
after complete hydraulic saturation, and maintaining that pressure over very long 
periods of time. In the immediate short-term period following emplacement of the 
canister, buffer and backfill the main processes that will affect swelling of the backfill 
are heat transfer and water uptake. Piping and erosion and the subsequent sealing of the 
backfill are processes that may affect the backfill during the saturation of the backfill, 
which is highly dependent on the hydraulic behaviour of the rock around the tunnel 
length. Over the long term, chemical processes (e.g. chemical erosion) may reduce the 
swelling pressure of the backfill and affect its safety performance.  

The time frames relevant for the processes that may affect the backfill are dealt with in 
each of the FEP descriptions.  

6.1.2 Overview of the potentially significant FEPs 

There are a number of processes that are considered to be significant for the long-term 
safety performance of the backfill that relate to system evolution and to the migration of 
radionuclides and other substances.  

Processes related to system evolution are: 

6.2.1  Heat transfer 

6.2.2  Water uptake and swelling 

6.2.3  Piping and erosion 

6.2.4  Chemical erosion 

6.2.5  Montmorillonite transformation 

6.2.6  Alteration of accessory minerals  

6.2.7  Microbial activity 
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6.2.8  Freezing and thawing 

Processes related to the migration of radionuclides and other substances are: 

6.3.1  Aqueous solubility and speciation 

6.3.2  Precipitation and co-precipitation 

6.3.3  Sorption 

6.3.4  Diffusion  

6.3.5  Advection 

6.3.6  Colloid transport 

6.3.7  Gas transport 

 
These processes are each potentially affected by a number of features of the repository 
system that can influence the occurrence, rate, activity and potential couplings between 
the processes. These features relate either to aspects of the design of the disposal facility 
or to parameters (characteristics) of the tunnel backfill that might be time-dependent 
during the repository lifetime. The most significant features are: 

 Radionuclide inventory 

 Temperature 

 Swelling pressure 

 Backfill geometry 

 Water content 

 Backfill composition 

 Porewater composition 

 Gas composition. 

 
The possible influences of these features on the processes considered to be significant 
for the long-term safety of the tunnel backfill are described in each FEP description, and 
are summarised in Table 6-2.  

Many of the processes occurring within the tunnel backfill are interdependent and 
directly coupled to each other. For example, water uptake and swelling [6.2.2] will 
directly affect the rate of diffusion through the tunnel backfill [6.3.4]. The direct 
couplings are listed in each FEP description, and are summarised in the matrix shown in 
Table 6-3.  

Similarly, due to the complex interactions between the various parts of the disposal 
system, the evolution of the tunnel backfill can influence (or be influenced by) 
processes occurring in other parts of the repository system through the couplings 
between various processes. For example, water uptake by the tunnel backfill [6.2.2] 
interacts with groundwater flow and advective transport in the geosphere [8.3.5]. The 
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interactions between the tunnel backfill and other components of the disposal system are 
summarised in Table 6-4. 
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Table 6-2. Possible influences of features of the disposal system on the processes considered to be significant for the long-term 
performance of the tunnel backfill (marked with Y). These influences and couplings are discussed in more detail in each FEP description. 
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Processes related to system evolution: 

6.2.1  Heat transfer Y Y Y Y Y

6.2.2  Water uptake and swelling Y Y Y Y Y Y

6.2.3  Piping and erosion  Y Y Y Y Y

6.2.4  Chemical erosion Y Y Y Y Y

6.2.5  Montmorillonite transformation  Y Y Y Y Y Y 

6.2.6  Alteration of accessory minerals  Y Y Y Y Y Y 

6.2.7  Microbial activity Y Y Y Y Y Y Y Y 

6.2.8  Freezing and thawing Y Y Y Y Y

Processes related to the migration of radionuclides and other substances: 

6.3.1  Aqueous solubility and speciation Y Y Y Y Y Y Y 

6.3.2  Precipitation and co-precipitation Y Y Y Y Y Y Y Y 

6.3.3  Sorption Y Y Y Y Y Y

6.3.4  Diffusion Y Y Y Y Y Y Y Y 

6.3.5  Advection Y Y Y Y Y

6.3.6  Colloid transport Y Y Y Y Y Y Y

6.3.7  Gas transport Y Y Y Y Y Y Y 
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Table 6-3. Possible couplings between FEPs within the tunnel backfill considered significant for the long-term performance of the disposal 
system. The numbers on the leading diagonal refer to the FEPs listed in Section 6.1.2. As an example of how to read this table, the blue 
coloured square means that “Water uptake and swelling” [6.2.2] directly affects “Diffusion” [6.3.4]. 
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Table 6-4. Interaction matrix for the deposition tunnel backfill. FEPs in italics are addressed in other chapters. A short name for some of 
the FEPs is used in the table: Precipitation (Precipitation and co-precipitation). 
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6.2 System evolution FEPs 

To achieve its long-term safety functions, the tunnel backfill has to undergo swelling 
due to absorption of groundwater. This and other processes (radiation, thermal, 
chemical, hydraulic and mechanical, and their couplings) will affect the evolution of the 
backfill. The behaviour of the backfill and the achievement of its safety functions will 
depend on the times and rates at which these processes occur. The following 
descriptions summarise each of these processes and the effects of the different features 
on them. The couplings of these FEPs with other FEPs are also indicated but the results 
of the interactions or combinations of these are discussed in Performance Assessment. 

6.2.1 Heat transfer 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 5.2.1 

General description: 

Radiogenic heat production occurs within the spent nuclear fuel [3.2.2] and heat is 
transferred to the backfill through the canister [4.2.2] and the buffer [5.2.1]. Heat 
transfer in the backfill is essentially the same process as heat transfer in the buffer 
although, at a detailed level, there may be differences due to:  

 the different mineral composition and final density that generally provides for a 
slightly higher thermal conductivity in the backfill than in the buffer, and 

 the greater distance from the spent nuclear fuel which means the maximum 
temperatures in the backfill will be lower than in the buffer. 

Within the initially unsaturated backfill, heat will be transferred by conduction through 
the solid mineral particles, and by convection through the partially water-filled pore 
spaces and voids between the backfill blocks and the rock and, to a lesser extent, by 
radiation through any remaining air-filled voids. After saturation and complete swelling, 
heat will be transferred only by conduction. 

The thermal conductivity of the backfill depends mainly on its mineralogical 
composition, water content (degree of water uptake) and density (swelling pressure). In 
general, the higher the amount of quartz and other non-clay minerals within the backfill, 
the higher the thermal conductivity. Similarly to the buffer, the thermal conductivity 
generally increases with increasing degree of saturation and density. For the variation in 
porosities expected after backfill saturation, the thermal conductivity will range between 
1.2 and 1.4 W/(m·K), but will probably not be as low as it is for the buffer (Ikonen 
2009, Table 1). 

Due to the volume of the backfill being small compared with the volume of the 
surrounding rock, and the thermal conductivity of the rock being significantly higher 
than that of the backfill or buffer, the thermal conditions in the backfill will be 
controlled by the temperature of the near-field rock. In fact, the geosphere will act as a 
heat sink that moderates the temperature in the backfill. As a consequence, the 
maximum temperature in the backfill will never exceed the maximum temperatures 



230 
 

 

expected in the buffer or near-field rock.  

The maximum temperature in the deposition tunnel backfill will be in the range 35–
50 °C, depending on the distance from the canisters, and is expected to be reached about 
50 years after emplacement (Pintado & Rautioaho 2012). It is possible that complete 
water saturation and swelling of the backfill will not have been achieved at that time 
[6.2.2], which may affect the temperature profile along the tunnels. The temperature in 
the tunnel backfill is expected to remain elevated by at least 10 °C for over 1000 years. 
Assuming that the temperature of the backfill is the same as in the floor of the tunnel, 
the temperature in the backfill is not expected to rise above 50 °C (Figure 6-2). 

Due to the retention capacity of heat by the geosphere, the temperature will still be some 
degrees above the initial undisturbed rock temperature for several thousands of years 
but, after around 10,000 years, the temperature in the tunnel backfill will be determined 
by the natural geothermal gradient. 

Overall, heat transfer through the tunnel backfill is influenced by the following features 
of the repository system. 

 Temperature: temperature differences between sections of the tunnel backfill lead to 
heat transfer. 

 Swelling pressure: the swelling pressure influences the bulk thermal conductivity of 
the backfill. 

 Backfill geometry: the dimensions of the tunnel sections and backfill influence heat 
transfer especially before full saturation due to the size and geometry of void spaces 
that do not conduct heat as effectively as solid particles. 

 

 

Figure 6-2. Temperature curves for the tunnel floor (upper line and triangles) and the 
tunnel roof (lower line and squares) for two positions, 0.2 m and 3 m, from the axis of 
the nearest canister, as calculated for a typical case in the Swedish repository design 
(SKB 2010). Analytical methods were used in the calculation without regard to the 
backfill properties. Assuming a thermal conductivity of 2.61 W/(m·K) as for the 
Olkiluoto rock (Ikonen 2009) would slightly increase these temperatures. 
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 Water content: the water content during saturation is a primary control on the 
temperature in the backfill. 

 Backfill composition: the mineral composition influences the bulk thermal 
conductivity of the backfill, although the differences in heat conductivity of various 
clay types are likely to be a second-order control. 

Uncertainties in the understanding of the FEP: 

Heat transfer in the tunnel backfill is, in principle, a simple process that can be 
described using basic laws of physics. There are, however, some areas of uncertainty 
including the effect of the backfill geometry (gaps between blocks) on heat transfer 
during the resaturation phase, given the heterogeneous manner in which resaturation 
will occur. 

Overall, there have been fewer studies and there is less relevant information on heat 
transfer in a Friedland clay backfill than in a bentonite buffer, and correspondingly the 
uncertainties are larger.   

Couplings to other FEPs: 

Heat transfer in the tunnel backfill is directly affected by the following FEPs:  

 Heat transfer (in the buffer) [5.2.1] 
 Water uptake and swelling [6.2.2] 
 Freezing and thawing [6.2.8] 
 Heat transfer (in the geosphere) [8.2.1] 
Heat transfer in the tunnel backfill directly affects the following FEPs:  

 Water uptake and swelling [6.2.2] 
 Montmorillonite transformation [6.2.5] 
 Alteration of accessory minerals [6.2.6] 
 Microbial activity [6.2.7] 
 Freezing and thawing [6.2.8] 
 Aqueous solubility and speciation [6.3.1] 
 Precipitation and co-precipitation [6.3.2] 
 Sorption [6.3.3] 
 Diffusion [6.3.4] 
 Advection [6.3.5] 
 Gas transport [6.3.7] 
 Heat transfer (in the geosphere) [8.2.1] 
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6.2.2 Water uptake and swelling 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Water uptake; Swelling and mass distribution 6.2.3 and 6.2.5 

General description: 

Water uptake and swelling in the tunnel backfill is essentially the same process as water 
uptake in the buffer [5.2.2] although, at a detailed level, it is potentially a more complex 
mechanism affected by multiple variables due to:  

 the larger size of the tunnel compared with the deposition hole, and the greater 
potential for heterogeneity in the intersecting flowing fracture network in the rock 
that controls water flow; and 

 the greater heterogeneity in subcomponents and material types, and layout (and void 
spaces) in the tunnel backfill than in the buffer. 

The main factors affecting water uptake in the backfill (‘wetting’) are the prevailing 
groundwater pressure in the surrounding rock and the negative capillary pressure (total 
suction) drawing water into the backfill material (Pastina & Hellä 2006). Water 
transport can take place either in the liquid or vapour phase, although vapour transport 
is less significant than for the buffer because of the lower temperatures that are expected 
[6.2.1]. 

The hydraulic conductivity of the backfill depends on the mineral composition, 
particularly the amount and type of expandable clay minerals, the density/porosity, 
degree of saturation (water retention curve) and salinity of the groundwater. The suction 
also depends on these factors, with suction reducing as the degree of saturation 
increases. 

The backfill will have an initial water content depending on the composition of the 
Friedland clay and the nature of the backfill blocks. Groundwater will flow into the 
tunnels from water-bearing fractures with varying inflow rate and pressure, and at 
different locations along the tunnel walls. The natural heterogeneity in the fracture 
network will mean that water uptake will be unequal along the mass of the backfill and, 
therefore, swelling will initially be heterogeneous. 

As the backfill continues to absorb water and swell, further water uptake will depend on 
the evolving hydraulic conductivity and the pore water pressure gradient in the backfill 
material (SKB 2010). Once complete saturation is reached, the final swelling pressure 
and hydraulic conductivity will be such that diffusion will become the dominant 
transport process [6.3.4].  

If free air is trapped in the tunnel, this will delay the saturation process while the air is 
compressed and becomes dissolved in the inflowing groundwater (Henry’s law). Only a 
limited amount of air can be dissolved into the water and, therefore, it may take some 
time for all of the free gas to be removed by dissolution and diffusion. 
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The geometry of the backfill has an important role in the saturation of the backfill, as 
shown in the Baclo phase III small-scale field tests with Friedland clay blocks and 
bentonite pellets (Dixon et al. 2008). The pellets placed in the void between the backfill 
blocks and the rock will saturate first. The inner parts of the backfill blocks take the 
longest to become fully saturated, allowing a uniform swelling pressure to be achieved 
across the tunnel (SKB 2010). 

The time necessary for complete saturation of the backfill depends strongly on the local 
groundwater conditions and the fracture network. The water uptake and swelling 
process in the backfill is, however, expected to be faster than in the buffer because the 
tunnels will intersect more water-conducting fractures and the hydraulic conductivity of 
the backfill is designed to be higher than in the buffer (Pastina & Hellä 2006, Olivella et 
al. 2012). A high water pressure in the near-field rock may lead to piping and erosion of 
the backfill during the early saturation stage [6.2.3] which may cause a slight increase in 
the overall saturation rate. It is assumed the erosion will cease after the void volume of 
pellets is filled with water because, after that, there is little free space into which the 
eroded material can be transported. 

It is estimated that the time for complete saturation to be achieved could range from 
several months to a few thousand years for the case where there is low availability of 
water in the near field. Under such conditions, the backfill and the buffer could 
potentially compete for the same volume of water in the near-field rock, which would 
delay saturation of the buffer or could even cause drying of the buffer (SKB 2010, 
Börgesson et al. 2006, Olivella et al. 2012).  

Continued water uptake and swelling will eventually lead to homogenisation of the 
backfill material and its density, and cause self-sealing of any voids and piping 
channels. The final swelling pressure will depend on the initial density and amount of 
swelling minerals within the Friedland clay and other backfill components (pellets, 
foundation bed), the initial void ratio in the tunnel and the groundwater chemistry 
(Gunnarsson et al. 2006). Whether the swelling of backfill material is sufficient to fill 
the voids left after emplacement of the backfill blocks depends importantly on the 
backfill geometry and extent of over-excavation of the tunnel (Backfill Production Line; 
Åkesson et al. 2010). Assuming the reference block layout (Hansen et al. 2010) and 
tolerances for the ONKALO demonstration tunnel, the average dry density of the 
backfill is ~1700 kg/m3 (the theoretical range is between 1600–1800 kg/m3, but in 
practice the variance will be smaller). This average density should provide a swelling 
pressure of ~1000 kPa even at elevated salinity levels (Figure 6-3). 

Since the expected final swelling pressure of the buffer will be significantly higher than 
that of the backfill, the buffer will expand upwards into the backfill deforming the 
buffer/backfill interface by an amount that is dependent on the backfill geometry and 
saturation state of the backfill. Assuming a conservative case with totally dry backfill 
and totally saturated buffer, the extrusion is estimated to be less than 30 mm based on 
very recent model calculations specific to the Olkiluoto buffer/backfill design (Leoni 
2012). This upward expansion will lead to a local decrease in the density of the buffer 
and a local increase in backfill density (Korkiala-Tanttu 2008). The buffer and backfill 
are designed to ensure that this deformation does not cause an unacceptable loss in 
swelling pressure. After complete saturation of both the backfill and buffer, the system 
will reach a steady state, in which no more mass redistribution is expected.  
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Figure 6-3. Swelling pressure measurements for Friedland clay. From the Backfill 
Production Line report. 

 
Depending on the initial water content of the pellets and early stage hydration of the 
pellet fill, the backfill will generate sufficient swelling pressure (100–200 kPa) to resist 
breakout and limit spalling [8.2.4] of the near-field rock in the deposition tunnels 
(Pastina & Hellä 2006). The evolution of swelling pressure will depend on the time 
taken for the backfill to become saturated. The various tunnel plugs and seals are 
designed to withstand the transient pressures generated during heterogeneous swelling 
of the backfill [7.2.2]. After complete swelling has been achieved, the pressure gradients 
will even out and the pressures will equalise on both sides of the plugs (SKB 2010).  

Overall, water uptake and swelling of the tunnel backfill is influenced by the following 
features of the repository system. 

 Temperature: the availability and behaviour of water in the backfill during 
saturation will depend on this variable.  

 Swelling pressure: affects the pore geometry and distribution, hence affecting also 
hydraulic conductivity. 

 Backfill geometry: the size and distribution of void spaces between the backfill 
blocks and the rock will influence the rate of water uptake and the final swelling 
pressure. 

 Water content: the evolving water content during saturation is a primary control on 
the heterogeneous swelling pressure and mass redistribution. 

 Backfill composition: the proportion of swelling clays in the backfill (Friedland clay 
plus Milos bentonite) will affect the swelling pressure and hydraulic conductivity. 

 Porewater composition: the groundwater composition affects the backfill porewater 
composition, and the ionic concentration of the porewater may affect the hydraulic 
conductivity of the backfill. 
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Uncertainties in the understanding of the FEP: 

Water uptake and transport in the backfill is a complex process that is determined by 
many coupled sub-processes and influenced by features of the buffer, backfill and the 
near-field rock. Groundwater conditions (inflow, pressure, salinity) are Olkiluoto-
specific and very localised (being strongly determined by the characteristics of fracture 
networks) and control the rate and heterogeneity of saturation. A key uncertainty is the 
density and distribution of the fractures and their capacity to maintain a constant flow. 
The saturation time and final swelling pressure is uncertain due to heterogeneities in the 
system and uncertainties as to the volume of initial void spaces.  

Overall, there have been fewer studies and there is less relevant information on water 
uptake and swelling of a Friedland clay backfill system than for a bentonite buffer 
system, and correspondingly the uncertainties are larger.  

Couplings to other FEPs: 

Water uptake and swelling of the tunnel backfill is directly affected by the following 
FEPs: 

 Water uptake and swelling (in the buffer) [5.2.2] 
 Heat transfer [6.2.1] 
 Piping and erosion [6.2.3] 
 Chemical erosion [6.2.4] 
 Montmorillonite transformation [6.2.5] 
 Alteration of accessory minerals [6.2.6] 
 Freezing and thawing [6.2.8] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 

Water uptake and swelling of the tunnel backfill directly affects the following FEPs: 

 Water uptake and swelling (in the buffer) [5.2.2] 
 Heat transfer [6.2.1] 
 Piping and erosion [6.2.3] 
 Chemical erosion [6.2.4] 
 Montmorillonite transformation [6.2.5] 
 Alteration of accessory minerals [6.2.6] 
 Microbial activity [6.2.7] 
 Freezing and thawing [6.2.8] 
 Diffusion [6.3.4] 
 Advection [6.3.5] 
 Colloid transport [6.3.6] 
 Gas transport [6.3.7] 
 Physical degradation (of auxiliary components) [7.2.2] 
 Transport through auxiliary components [7.3.1] 
 Stress redistribution (in the geosphere) [8.2.2] 
 Spalling (in the geosphere) [8.2.4] 
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6.2.3 Piping and erosion 

Type: Class: 

Process System evolution 
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Alternative names: Number in 2007-12: 

Mechanical erosion  6.2.4 

General description: 

During the initial hydraulic saturation phase, significant volumes of groundwater may 
flow into the tunnels through intersecting, hydraulically active fractures. If the rate of 
inflow exceeds the rate of water uptake [6.2.2] then active flow channels or ‘pipes’ will 
develop in the backfill.  

Piping and erosion in the tunnel backfill is essentially the same process as in the buffer 
[5.2.3] although, at a detailed level, there may be differences due to:  

 the greater potential for larger flowing fractures to intersect the tunnels than the 
deposition holes; and 

 the final swelling pressure is lower and the hydraulic conductivity is higher in the 
backfill than in the buffer. 

Based on various field-tests that simulated the early stages of water uptake, piping 
channels in the backfill will tend to occur mainly in the pellet-filled zone (Dixon et al. 
2011, Korkiala-Tanttu et al. 2011). Continuing groundwater flow through these pipes 
could result in progressive erosion of the backfill which, over time, may result in a 
reduction in the density of the backfill that could compromise its barrier functions 
(Pastina & Hellä 2006). The tunnel plugs (Chapter 7) will be important for minimising 
lateral movement of eroded backfill material along the length of the tunnels. 

The risk of piping and erosion reduces as the backfill progressively absorbs 
groundwater because the consequent increase in swelling pressure limits further water 
inflow. Piping will take place, however, and the pipes will remain open if (Åkesson et 
al. 2010): 

 the water pressure exceeds the swelling pressure,  

 the hydraulic conductivity of the backfill is too high to prevent groundwater inflow, 
and 

 there is a downstream location to which the groundwater and entrained solids can 
flow. 

Piping and erosion processes have been studied under laboratory conditions for both the 
buffer and the tunnel backfill (Sandén et al. 2008, Sandén & Börgesson 2010). Various 
laboratory experiments have also been performed on compacted blocks and pellets 
using MX-80 bentonite with different geometries of open flow channels, water flow 
rates and salinities. Erosion rates and accumulated eroded masses were observed to 
increase as a function of salinity, flow rate and the length of the erosion channel. 
Similar qualitative trends have been recorded in other experiments, and an empirical 
formulation for accumulated eroded mass as a function of total effluent volume has 
been developed (Sandén & Börgesson 2010). 

Based on field-scale testing, the erosion of backfill materials having a content of 
swelling clay of the same order of magnitude as in Friedland clay or even higher, as in 
the case of pellets, depends on the inflow rate, the location of the piping channels, the 
density of the backfill materials and the salinity of the water (Dixon et al. 2008a, 2008b, 
2011, Korkiala-Tanttu et al. 2011). In addition, the rate of erosion has the tendency to 
decrease over time. Piping features at the pellet-rock contact result in very little or 
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moderate erosion with water inflow rates up to 0.25 L/min. If the piping channel forms 
through the block materials, however, or if the water inflow extensively wets the 
backfill front which then leads to collapse of the wetted material, the erosion will be 
locally more significant. During tests at Äspö with Milos-B bentonite, a build-up of 
air/water pressure behind a pre-wetted zone led to higher erosion rates than were 
previously observed for a relatively low inflow rate of 0.2 L/min (Dixon et al. 2011). 
Nonetheless, given the total mass of backfill materials, the overall effect of erosion on 
the tunnel backfill is negligible (SKB 2010) but may be locally significant for 
backfilling operations. 

Overall, piping and erosion are influenced by the following features of the repository 
system. 

 Swelling pressure: is the primary parameter that will limit piping and erosion. 

 Backfill geometry: the size and distribution of void spaces between the backfill 
blocks and the rock will influence the rate of water uptake and the final swelling 
pressure. 

 Water content: the initial water content in the clay and the groundwater pressure 
control the rate of free swelling and also the forces attaching clay particles to 
backfill. Also the flow rate affects the detachment of clay particles from the backfill. 
The rate of water inflow before complete swelling has been achieved is the primary 
control. 

 Backfill composition: affects pore geometry, swelling pressure and hydraulic 
conductivity. 

 Porewater composition: affects the rate and magnitude of free swelling. 

Uncertainties in the understanding of the FEP: 

Piping and erosion and the subsequent sealing of the backfill are complicated coupled 
processes that are highly dependent on the hydraulic behaviour of the rock. 
Considerable uncertainties exist regarding both the influence of the rock hydrogeology 
and the ability of the backfill to resist these processes.  

Empirically, the understanding of when piping and erosion may occur and the 
consequences are reasonably well understood. The specific dependence of the rate of 
erosion on features of the repository system (such as flow rate, salinity, initial water 
content and initial dry density) are, however, not fully established. 

There are a few experiments on piping and erosion with Friedland clay, but results are 
not yet available. 

Couplings to other FEPs: 

Piping and erosion in the tunnel backfill is directly affected by the following FEPs: 

 Water uptake and swelling [6.2.2] 
 Advection [6.3.5] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 

Piping and erosion in the tunnel backfill directly affects the following FEPs: 

 Water uptake and swelling [6.2.2] 
 Diffusion [6.3.4] 
 Advection [6.3.5] 
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 Colloid transport [6.3.6] 
 Gas transport [6.3.7] 
 Erosion and sedimentation in fractures (in the geosphere) [8.2.6] 
 Colloid transport (in the geosphere) [8.3.6]  
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6.2.4 Chemical erosion 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Piping and erosion (including chemical erosion) 6.2.4 

General description: 

Chemical erosion refers to the loss of swelling clay material from the backfill due to 
interactions with dilute groundwater. As the backfill saturates and swells, it will extrude 
into the hydraulically active rock fractures that intersect the tunnels. Upon contact with 
more dilute groundwater, the extruded backfill material may continue to expand and 
lose density until it begins to move in a gel state with the flowing groundwater. Clay 
particles are then removed from the extruded gel front due to shear forces and are 
dispersed as a colloidal sol which is then transported away.  

Chemical erosion in the tunnel backfill is essentially the same process as in the buffer 
[5.2.4] although, at a detailed level, there may be differences due to:  

 the greater potential for larger flowing fractures to intersect the tunnels than the 
deposition holes;  

 the larger perimeter of interaction between an intersecting fracture and backfilled 
tunnel; 

 the lower montmorillonite content of the backfill material relative to the buffer 
material; and 

 the lower swelling pressure and higher hydraulic conductivity in the backfill than in 
the buffer. 

The free-swelling behaviour of montmorillonite is strongly dependent on the valency 
and ion concentration in the interlayer space of the mineral structure (Birgersson et al. 
2009). Dilute groundwater conditions will allow for more expanded systems which will 
be less resistant to chemical erosion in flowing groundwater. The groundwater 
composition (primarily electrolyte content and pH), backfill composition, groundwater 
velocity and fracture aperture are the main parameters that control chemical erosion of 
the backfill in dilute groundwater. The groundwater composition defines the dilute 
conditions under which erosion may take place. 

The groundwater velocity controls the rate of mass loss for the flowing gel and 
dispersed particle erosion mechanisms as well as controlling the shear forces. The 
fracture aperture will determine the surface area at the extruded clay/groundwater 
erosion interface. The montmorillonite composition is important, because clays with a 
calcium fraction greater than 20 % are observed to be less susceptible to chemical 
erosion (Birgersson et al. 2009). 

There are few experiments that have addressed the potential for chemical erosion in 
backfill blocks fabricated from compacted Friedland clay. Chemical erosion may occur 
for all types of swelling clay and, therefore, the specific clay composition may not be 
important except for controlling variables such as the initial clay density. 

Loss of mass due to chemical erosion will lead to a reduction in the density of the 
backfill. If chemical erosion continues for an extended period of time, there will be a 
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progressive reduction in swelling pressure [6.2.2] and an increase in the hydraulic 
conductivity of the backfill that could compromise its barrier functions. The 
consequences of chemical erosion in dilute groundwater may need to be assessed on 
different spatial scales, depending on the extent to which the backfill mass homogenises 
relative to the rate of erosion at a localised fracture interface. 

Numerous field and laboratory experiments have assessed montmorillonite colloid 
generation and stability (Wold 2010). The general consensus is that there is a critical 
groundwater salinity below which chemical erosion would occur and montmorillonite 
colloids would be stable.  

As discussed in Section 5.2.4, SKB has completed a comprehensive R&D and 
modelling study to assess the likelihood and extent of chemical erosion (Neretnieks et 
al. 2009).  

The erosion rate of montmorillonite from deposition tunnel backfill can be numerically 
estimated from the SKB erosion model taking into account the larger diameter of the 
interface between the fracture and tunnel (5 m) compared with the deposition hole 
(1.75 m). The rate of montmorillonite mass loss was found to increase by approximately 
a factor of 2 (Moreno et al. 2010). 

The potential presence of dilute groundwater in the geosphere is generally considered to 
result from the infiltration of glacial meltwaters. There is no palaeohydrogeochemical 
evidence, however, to indicate that glacial meltwater has ever penetrated down to 
repository depths in the Olkiluoto area (Site Description) and, consequently, such 
meltwaters are not expected to do so in the future. It is possible, however, that future 
glacial meltwaters may affect the upper parts of the access tunnel. 

Overall, chemical erosion is influenced by the following features of the repository 
system. 

 Swelling pressure: a primary parameter that will control chemical erosion. 

 Backfill geometry: influences the hydraulic conductivity of the backfill and the total 
clay mass available for erosion. 

 Water content: the initial water content in the backfill material controls the rate of 
free swelling and also the forces attaching clay particles to the backfill. The 
groundwater flow rate also affects the detachment of clay particles from the backfill. 

 Backfill composition: defines the amount and nature of soluble accessory minerals 
which affect porewater composition and, thereby, the susceptibility of 
montmorillonite to erosion.  

 Porewater composition: primarily the cation content, affects the generation and 
stability of bentonite colloids. 

Uncertainties in the understanding of the FEP: 

Chemical erosion of the backfill in an intersecting, transmissive fracture environment by 
dilute groundwater is a highly complex, coupled transport process involving backfill 
material evolution, groundwater composition evolution, and bedrock hydrogeology. 
There is a possibility that, due to erosion, accessory mineral particles in the backfill will 
build-up and form a ‘filter cake’ limiting further loss of mass. Experimental results 
indicate that mass loss can slow down or possibly stop due to filtration effects 
(Birgersson et al. 2009, Schatz et al. 2011). However no experimental or analogue 
results are available indicating that such a filter cake would be naturally formed in a 
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repository near-field environment. 

Overall, there have been fewer studies and there is less relevant information on 
chemical erosion of a Friedland clay backfill system than for a bentonite buffer system, 
and correspondingly the uncertainties are larger.  

Couplings to other FEPs: 

Chemical erosion in the tunnel backfill is directly affected by the following FEPs: 

 Water uptake and swelling [6.2.2] 
 Advection [6.3.5] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
Chemical erosion in the tunnel backfill directly affects the following FEPs: 

 Water uptake and swelling [6.2.2] 
 Diffusion [6.3.4] 
 Advection [6.3.5] 
 Colloid transport [6.3.6] 
 Gas transport [6.3.7] 
 Erosion and sedimentation in fractures (in the geosphere) [8.2.6] 
 Colloid transport (in the geosphere) [8.3.6] 
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6.2.5 Montmorillonite transformation 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Mineral (montmorillonite) transformation Not applicable 

General description: 

The ability of the tunnel backfill to act as a diffusive, self-sealing barrier is due to the 
montmorillonite content in the backfill blocks and in the bentonite pellets placed in the 
void space between the backfill blocks and the rock.  

Mineral transformations of the montmorillonite can potentially cause it to lose its 
swelling capability and increase its hydraulic conductivity so that, if transformation 
occurred throughout the bulk of the backfill, the swelling pressure could be reduced 
allowing advective groundwater flow [6.3.5] to occur. 

Montmorillonite can be altered in a number of different reactions and transformations. 
These can be divided into: 

 cation exchange reactions, 

 protonation-deprotonation of mineral surfaces, 

 alterations to the structural composition and layer charge,  

 mineral transformations,  

 cementation, and 

 reactions with other repository materials. 

These reactions and transformations are described for montmorillonite in the buffer 
[5.2.6] and the same processes will occur in the tunnel backfill although, at a detailed 
level, there may be differences due to:  

 the estimated maximum temperature reached in the backfill (33–50 °C) is less than 
in the buffer (90 °C), and the thermal gradients are lower, consequently 
dissolution/precipitation of minerals due to temperature effects are of less 
significance in the backfill; 

 the montmorillonite clay content of Friedland clay (25–35 %) is significantly lower 
than in the buffer (> 75 %) and, therefore, the swelling pressure will be lower and 
the hydraulic conductivity will be higher than in the buffer, meaning that advection 
[6.3.5] has a greater potential to occur; 

 there are likely to be many more larger flowing fractures that intersect the tunnels 
than the deposition holes, and so the composition of groundwater may have a much 
higher impact on montmorillonite transformation than in the buffer; and 

 the tunnel backfill is in direct contact with a range of other engineered materials, 
notably the cementitious plugs at the ends of each deposition tunnel which can 
promote local transformation of montmorillonite (Lehikoinen 2009). 

Importantly, only a small fraction of the radionuclides that may be released from a 
failed canister are likely to reach the backfill (compared with the buffer), and the 
consequences of montmorillonite transformation for radionuclide transport by advection 
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in the deposition tunnels [6.3.5] are limited. 

Overall, montmorillonite transformation processes in the tunnel backfill are influenced 
by the following features of the repository system. 

 Temperature: controls the rate of the reactions that cause the mineral 
transformations, and the temperature gradients that can lead to silica migration. 

 Swelling pressure: influences the availability of chemical components that may react 
with the bentonite. 

 Water content: any reactions would occur at the mineral-water interface and no 
reactions are expected under dry conditions. 

 Backfill composition: significant for all chemical reactions in the backfill. 

 Porewater composition: significant for all chemical reactions in the backfill. Also 
the groundwater composition affects the porewater composition, especially its 
salinity and content of cations. 

 Gas composition: if gas is present, it will be significant for some chemical reactions. 

Uncertainties in the understanding of the FEP: 

The effects of some of the montmorillonite transformation processes during the thermal 
peak, such as illitisation that releases silica which may cause cementation, are not yet 
fully understood. Screening calculations indicate that the amount of precipitated silica 
will be very small in the backfill, but uncertainties exist in the quantification of the 
process as well as in understanding the effects of silica on backfill properties (e.g. 
Karnland & Birgersson 2006). 

The composition of the backfill porewater and the near-field groundwater may vary 
during the evolution of the repository (especially salinity and the abundance of 
exchangeable cations such as Ca) and this evolution needs to be better understood 
(Posiva 2009, p. 355-356). 

It has been acknowledged that the effects of cementitious material and external sources 
of silica (e.g. from low pH cement) on the long-term evolution of the backfill and buffer 
are not fully understood. This is reflected in the wide variation in the calculated amount 
of dissolved bentonite due to reaction with high-pH solutions (Posiva 2009, p. 357). 

Overall, there have been fewer studies and there is less relevant information on 
montmorillonite transformation in a Friedland clay backfill system than for a bentonite 
buffer system, and correspondingly the uncertainties are larger.  

Couplings to other FEPs: 

Montmorillonite transformation in the tunnel backfill is directly affected by the 
following FEPs: 

 Heat transfer [6.2.1]  
 Water uptake and swelling [6.2.2] 
 Alteration of accessory minerals [6.2.6]  
 Chemical degradation of auxiliary components [7.2.1] 
 Rock-water interaction (in the geosphere) [8.2.7] 
Montmorillonite transformation in the tunnel backfill directly affects the following 
FEPs: 

 Water uptake and swelling [6.2.2] 
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 Alteration of accessory minerals [6.2.6] 
 Aqueous solubility and speciation [6.3.1] 
 Precipitation and co-precipitation [6.3.2] 
 Sorption [6.3.3] 
 Diffusion [6.3.4] 
 Advection [6.3.5] 
 Colloid transport [6.3.6] 
 Gas transport [6.3.7] 
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6.2.6 Alteration of accessory minerals  

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 6.2.6 

General description: 

The hydraulic and physical properties of the tunnel backfill after water uptake are 
controlled by the swelling pressure generated by the montmorillonite, but the chemical 
properties of the backfill are largely determined by accessory minerals, such as other 
silicates (feldspars, quartz, cristobalite), sulphides (pyrite), sulphates (gypsum), 
carbonates (calcite, dolomite, siderite), etc., some of which may generally be much 
more reactive and soluble than montmorillonite under the geochemical conditions 
expected in the near field. 

Alteration of these accessory minerals is described for the buffer [5.2.7] and broadly the 
same processes will occur in the tunnel backfill although, at a detailed level, there may 
be differences due to:  

 the estimated maximum temperature reached in the backfill (33–50 °C) is less than 
in the buffer (90 °C), and the thermal gradients are lower, consequently temperature 
effects are of less significance in the backfill; 

 the backfill material contains a much greater proportion of accessory minerals 
compared with the bentonite planned to be used in the buffer, and the chemical 
composition of accessory minerals in the backfill may also be different from that of 
the buffer materials;  
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 the montmorillonite clay content of Friedland clay (25–35 %) is significantly lower 
than in the buffer (> 75 %) and, therefore, the swelling pressure will be lower and 
the hydraulic conductivity will be higher than in the buffer, meaning that advection 
of reactive species [6.3.5] is more likely to occur; 

 there are likely to be many more larger flowing fractures that intersect the tunnels 
than the deposition holes, and so the turnover of water may be much higher than in 
the buffer, and 

 the tunnel backfill is in direct contact with a range of other engineered materials, 
notably the cementitious plugs at the ends of each deposition tunnel, which may 
promote local transformation of accessory minerals within the backfill material. 

It is assumed that the pH of the porewater in the tunnel backfill will be buffered by the 
equilibrium with carbonates and also by proton buffering of clay (through reactions at 
edge sites). Due to variations in the mineralogical composition of Friedland clay, the 
abundance of these pH buffering mineral phases is somewhat uncertain. 

In contrast to the buffer, microbial activity is possible in the backfill [6.2.7]. The rate of 
redox reactions (e.g. sulphate reduction) can be increased by many orders of magnitude 
in the presence of and due to the activity of such microbes. 

No specific studies of chemical processes in the backfill have, however, been done and 
the evaluation has to be based on the studies performed on bentonites and extrapolation 
from buffer studies. The differences in the composition, physical properties, 
temperature etc. have to be considered in the applicability of buffer data to the backfill. 
These differences are, however, considered to be adequately addressed when making 
bounding estimates of the potential effects of the accessory minerals. 

Overall, the alteration of accessory minerals (and impurities) is influenced by the 
following features of the repository system. 

 Temperature: controls the rate of the reactions that cause mineral alteration and 
temperature gradients can lead to silica migration. 

 Swelling pressure: influences the availability of chemical components that may react 
with the accessory minerals. 

 Water content: any reactions would occur at the mineral-water interface and no 
reactions are expected under dry conditions. 

 Backfill composition: significant for all chemical reactions in the backfill. 

 Porewater composition: significant for all chemical reactions in the backfill. Also 
the groundwater composition affects the porewater composition, especially its pH 
and silica content. 

 Gas composition: if gas is present, it will be significant for some chemical reactions. 

Uncertainties in the understanding of the FEP: 

There is a natural variation in the initial mineralogical composition of batches of 
Friedland clay (Kumpulainen & Kiviranta 2010). The main uncertainty regarding 
transformation of accessory minerals is the definition of the range of mineralogical 
compositions of the material to be allowed for use in the repository system. 

Furthermore, there are analytical uncertainties in the determination of small amounts of 
accessory minerals, some of which are important as they participate in redox or pH 
buffering reactions. Given that these accessory minerals are important for controlling 
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the tunnel backfill porewater chemistry, this introduces uncertainties in predicting the 
porewater evolution.  

It should be noted, however, that the mineralogical data alone cannot verify that the 
material fulfils the safety requirements. The mineralogical data need to be considered 
together with physical parameters (cation exchange capacity, hydraulic conductivity and 
swelling pressure etc.) that correlate with smectite content (Hansen et al. 2010, p. 22). 

Some critical uncertainties remain concerning the mechanistic understanding of the 
processes that control the redox state of the backfill. It is not clear yet to what extent 
pyrite, siderite and/or iron in the smectite structure are the main redox controlling 
phases (SKB 2010).  

Couplings to other FEPs: 

Alteration of accessory minerals is directly affected by the following FEPs: 

 Heat transfer [6.2.1]  
 Water uptake and swelling [6.2.2] 
 Montmorillonite transformation [6.2.5]  
 Microbial activity [6.2.7] 
 Chemical degradation (of the auxiliary components) [7.2.1] 
 Rock-water interaction (in the geosphere) [8.2.7] 
Alteration of accessory minerals directly affects the following FEPs: 

 Water uptake and swelling [6.2.2] 
 Montmorillonite transformation [6.2.5]  
 Aqueous solubility and speciation [6.3.1] 
 Precipitation and co-precipitation [6.3.2] 
 Sorption [6.3.3] 
 Diffusion [6.3.4] 
 Advection [6.3.5] 
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6.2.7 Microbial activity 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 6.2.7 

General description: 

Microbes can exist naturally in deep rock and groundwater systems, and these may 
migrate into the backfill during saturation and water uptake [6.2.2]. Many other 
microbes will be introduced directly into the repository from the surface with the 
backfill blocks and other engineering materials. These microbes may potentially affect 
the geochemical system in the backfill provided they maintain viable populations under 
repository conditions. 

Microbial activity in the tunnel backfill is, in general terms, the same as in the buffer 
[5.2.8] and geosphere [8.2.10] although, importantly, microbial populations are 
considered to be much more viable in the backfill or at the backfill-rock interface than 
in the buffer due to the lower swelling pressure. Consequently, their significance for 
production of sulphide through sulphate reduction by sulphate-reducing bacteria in the 
backfill may be greater than in the buffer.  

From a microbiological perspective, the backfill environment has some characteristics 
that significantly distinguish it from the geosphere. The first is the presence of organic 
impurities in the backfill and stray materials (nutrients), the second is the gas/water 
interface that will develop during the saturation process, and the third is the presence of 
oxygen in the pores for a period until it has been consumed by microbial or redox 
reactions. All of these characteristics are conducive to the presence of active microbial 
populations.  

After closure and backfilling of the tunnels, the saturation process by groundwater will 
start. Microbes will be present in the groundwater and these microbes will mix with the 
backfill, which also contains microbes initially. As the Friedland clay contains nutrients 
such as organic material (Kumpulainen & Kiviranta 2010), microbial activity will be 
initiated.  

The groundwater at Olkiluoto is rich in methane (Pedersen 2008). Initial oxygen present 
will rapidly be consumed by microbial oxidation of methane and other organics 
(Lydmark & Pedersen 2011). All of the dissolved oxygen in the groundwater is likely to 
be consumed within a few months after closure, although pockets of free gas (air) may 
persist for longer.  

Mass balance calculations can be used to evaluate how different kinds of residual 
materials remaining in the repository system will contribute to microbial oxygen 
reduction. Important nutrients are organic matter and hydrogen gas. Microbes are 
expected to use all available organic matter first. The supply of hydrogen will be 
decisive for microbial activity in the long term. This means that an enhanced effect of 
microbial activity must be expected until all organic matter has been consumed, and 
subsequently an activity that is controlled by the supply of hydrogen will proceed. This 
means that oxygen, ferric iron, sulphate and carbon dioxide will be reduced to water, 
ferrous iron, sulphide and methane, respectively. The scope of these reactions is 
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dependent on mass flows. 

In addition to sulphide production in the backfill, the other potential consequence of 
microbial activity would be a minor change to the porewater chemistry that would affect 
radionuclide speciation and behaviour [6.3.1].  

Overall, microbial activity in the tunnel backfill is influenced by the following features 
of the repository system. 

 Radionuclide inventory: controls the radiation intensity and, therefore, dose to the 
microbes that may affect their viability, although the radiation intensity in the 
backfill will be much lower than in the buffer. 

 Temperature: temperature increase may enhance microbial activity. 

 Swelling pressure: may constrain activity by limiting pore size, although this is less 
significant than in the buffer. 

 Backfill geometry: the size and shape of the pores may constrain microbial activity. 

 Water content: microbes may need water to develop activity. 

 Backfill composition: the content of organic carbon is important as a nutrient.  

 Porewater composition: controls the availability of nutrients for microbial activity. 

 Gas composition: significant for microbial processes, particularly availability of 
methane and hydrogen as nutrients and products of microbial activity. 

Uncertainties in the understanding of the FEP: 

There are a number of uncertainties related to the understanding of microbial activity in 
the backfill. The conceptual understanding of microbial processes in the backfill is not 
yet well supported by experimental data. Rather, the processes are inferred from 
research on microbial processes in the geosphere and in buffer materials. 

Couplings to other FEPs: 

Microbial activity in the tunnel backfill is directly affected by the following FEPs: 

 Heat transfer [6.2.1] 
 Water uptake and swelling [6.2.2] 
 Diffusion [6.3.4] 
 Advection [6.3.5] 
 Microbial activity (in the geosphere) [8.2.10] 
Microbial activity in the tunnel backfill directly affects the following FEPs: 

 Microbial activity (in the buffer) [5.2.8] 
 Alteration of accessory minerals [6.2.6] 
 Aqueous solubility and speciation [6.3.1] 
 Precipitation and co-precipitation [6.3.2] 
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6.2.8 Freezing and thawing 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 6.2.2 

General description: 

Repeated glaciation and deglaciation events related to climate evolution [10.2.1] are 
expected to occur at Olkiluoto in the future. The most recent estimates (Pimenoff et al. 
2011) suggest that the present interglacial period will last at least for another 
50,000 years after which there is the potential for very cold and dry periods leading to 
permafrost and for very cold and wet periods leading to the formation of ice sheets.  

The onset of glacial conditions [10.2.2] will be accompanied by permafrost [10.2.3]. 
Numerical simulations of ground temperature indicate a maximum penetration depth of 
freezing temperatures to around 275–300 m (Hartikainen 2012). Thus, permafrost is not 
expected to penetrate down to repository depths and, consequently, will not affect the 
buffer or deposition tunnel backfill, but may affect the backfill in the upper parts of the 
access tunnel. 

When permafrost develops to any depth above the repository, the backfill materials are 
expected to be fully water saturated. The freezing point of porewater in the backfill is 
not precisely known but is likely to be lower than 0 °C. For example, considering 
saturated Friedland clay and Milos backfill materials with unfrozen swelling pressures 
close to 2 MPa, freezing points between –2 and –3 °C were experimentally observed 
(Schatz & Martikainen 2012, Birgersson et. al 2010). The primary consequence of 
confining water in porous material is a depression to lower temperature of the melting 
transition due to the Gibbs-Thomson effect (Dash et al. 2006). Additional factors, such 
as the specific surface area of the porous medium, its chemical and mineralogical 
composition, the nature of the exchangeable cations, and the content and composition of 
soluble compounds in the porewater affect the freezing point depression as well 
(Neresova & Tystovich 1966). Numerous experiments have demonstrated that the 
melting temperatures of materials are depressed in porous media (Dash et al. 2006). 

When permafrost develops in the backfill, there will be a relative volume and stress 
increase resulting in increased pressure from the backfill on the bedrock [6.3.5]. Two 
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sets of independent experiments have investigated the effect of freezing and thawing on 
fully-saturated buffer and backfill materials (Birgersson et al. 2010, Schatz & 
Martikainen 2012). The main conclusions from these studies were that exposure to 
freezing temperatures results in a loss of swelling pressure until a critical temperature is 
reached followed by the development of significant internal pressures in compacted 
buffer and backfill samples, and that such pressures are attributed to the formation of ice 
in these samples.  

It was shown that backfill swelling pressures will decrease when external water is 
frozen but the material itself remains unfrozen and that such decreases are expected on 
the basis of a theoretical description of the swelling pressure response at temperatures 
above the freezing point of the material (Birgersson et al. 2010). Increases in pressure, 
due to ice formation, were observed at temperatures below the freezing points (Schatz & 
Martikainen 2010). Furthermore, the effects of freezing were shown to be entirely 
reversible, because swelling pressure and hydraulic conductivity essentially returned to 
the pre-freezing levels upon thawing, even after multiple freezing and thawing cycles. 

When ice forms in freezing porous media, there is a corresponding increase in volume 
and/or pressure, depending on the particular confining stresses at hand and the 
permeability of the material to water migration (Smith & Onysko 1990). For a situation 
involving equal pressure changes on the ice and water phases in the material, 
corresponding to a hydraulically-closed frozen repository, the Clapeyron equation 
predicts a large increase in pressure for small changes in temperature below the freezing 
point, i.e. –13.49 MPa/°C. Alternatively, for a situation involving unequal pressure 
changes on the ice and water phases, corresponding to a hydraulically-open, partially 
frozen repository where the frozen material is connected to unfrozen groundwater, the 
generalised Clapeyron equation predicts a more modest increase in pressure for 
temperatures below the freezing point, i.e. –1.12 MPa/°C. The latter situation is thought 
to correspond to the phenomenon of frost heave, which is equivalent to the maximum 
pressure that can develop as a result of the flow of unfrozen liquid to the freezing front. 

Additionally, the loss in swelling pressure between the freezing point of water in the 
host rock and the freezing point of water in the backfill, as well as the freezing point of 
water in the backfill, can be determined (Birgersson et al. 2010). For example, in a 
homogenised, fully-saturated backfill system with a swelling pressure of 3 MPa, a 
freezing point of –2.5 °C is estimated. 

Overall, freezing and thawing in the tunnel backfill is influenced by the following 
features of the repository system. 

 Temperature: the geothermal gradient and heat exchange across the 
atmosphere/ground interface controls the temperature in the upper rock.  

 Swelling pressure: the pressure will affect the temperature at which freezing of the 
porewater will occur. 

 Backfill geometry: the size and geometry of the upper tunnels exposed to permafrost 
will affect the mass of backfill that can freeze. 

 Water content: the water content affects the amount of expansion and stress increase 
due to freezing and the freezing point. 

 Backfill composition: the freezing point is affected by the specific surface area and 
soluble accessory mineral composition; the higher the material density the lower the 
freezing point. 
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 Porewater composition: significant because the composition of the porewater affects 
the temperature at which it freezes, the higher the salinity the lower the freezing 
point. 

Uncertainties in the understanding of the FEP: 

The exact temperature evolution in the tunnel backfill is a source of uncertainty. 

It is also uncertain to what extent the Clapeyron and generalised Clapeyron equations 
can be considered to yield, possibly overly, conservative predictions with regard to 
pressure increases due to ice formation in backfill material. 

The mechanical and hydraulic interactions related to swelling pressure that occur within 
and between frozen and non-frozen parts of the backfill and buffer systems are 
uncertain, and may warrant further investigation. 

Couplings to other FEPs: 

Freezing and thawing in the tunnel backfill is directly affected by the following FEPs: 

 Heat transfer [6.2.1] 
 Water uptake and swelling [6.2.2] 
 Permafrost formation [10.2.3] 
Freezing and thawing in the tunnel backfill directly affects the following FEPs: 

 Heat transfer [6.2.1] 
 Water uptake and swelling [6.2.2]  
 Diffusion [6.3.4] 
 Advection [6.3.5] 
 Colloid transport [6.3.6] 
 Gas transport [6.3.7]  
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6.3 Migration FEPs 

The primary safety function provided by the backfill, with regard to migration, is to 
minimise the flow of groundwater along the deposition, central and access tunnels, and 
avoid those tunnels becoming a fast pathway for the transport of radionuclides and other 
substances. The ability of the backfill to provide this function, as part of the engineered 
barrier system, strongly depends on it achieving a sufficiently high swelling pressure 
after complete hydraulic saturation, and maintaining that pressure over very long 
periods of time.  

A proportion of the radionuclides that diffuse through the buffer will transfer to the 
tunnel backfill, although the majority of radionuclides that migrate through the buffer 
are anticipated to be released directly to the near-field rock and will by-pass the tunnel 
backfill entirely. 

6.3.1 Aqueous solubility and speciation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Dissolution and speciation; Solubility and speciation 5.3.6 

General description: 

Some radionuclides released from the canister will diffuse into the buffer [5.3.4] and be 
available for transport in the tunnel backfill. Waste-derived radionuclides may only 
occur in the backfill, however, after the canister has been breached and this is not 
expected to occur until several hundred thousands of years after disposal by which time 
the backfill will have reached its full swelling pressure. The only exception to this is the 
potential presence of a few canisters with an initial penetrating defect. 

The majority of the radionuclides in the backfill will be present either in the aqueous 
phase or sorbed to the surfaces of the minerals in the Friedland clay [6.3.3]. Smaller 
fractions of the inventory in the backfill may also be associated with colloids [6.3.6] or 
the gas phase [6.3.7]. 

In this context, solubility refers to the total aqueous concentration of an element in all 
dissolved chemical forms in the backfill porewater, which are in equilibrium with each 
other and the minerals in contact with the water. The chemical form (speciation) that a 
radionuclide will take once in the aqueous phase will depend on the presence of other 
dissolved inorganic and organic compounds in the water with which it can bond. 
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Aqueous solubility and speciation in the backfill is essentially characterised by the same 
mechanism as in the buffer, although at a detailed level there may be differences due to: 

 the different mineral assemblage in Friedland clay compared with bentonite means 
that the radionuclide solubility and speciation may also be slightly different in the 
backfill compared with the buffer, and 

 the likely lower concentrations of radionuclides in the backfill because of the high 
retention capacity provided by the buffer. 

The composition of the backfill porewater will be controlled largely by the alteration of 
the accessory minerals in Friedland clay [6.2.7]. It is anticipated that, once chemical 
equilibrium has been reached, the backfill porewater will be chemically reducing and 
mildly alkaline.  

The speciation depends on the chemical nature of the radionuclides and the composition 
of the backfill porewater. Under the expected geochemical conditions, the most relevant 
ligands are hydroxide, carbonate, sulphate, chloride and sulphide. The solubility and 
sorption of radionuclides are strongly affected by their speciation. In general, 
radionuclides that may form free anions and anionic complexes show higher solubility 
and lower sorption values than those that form cationic and neutral complexes. 

Aqueous solubility and speciation in the tunnel backfill is also likely to be affected by 
the chemical degradation of the cementitious seals used at the ends of the deposition 
tunnels [7.2.1]. The backfill will be in direct contact with the seals and, therefore, it is 
likely that high pH porewater will be present in parts of the backfill, significantly 
changing the local porewater chemistry.  

The aqueous solubility and speciation of radionuclides in the near field has been 
assessed for the derivation of solubility and sorption values, taking into account the 
composition of the porewater in the backfill (Wersin et al. 2012) and the groundwater 
(Hellä et al. 2013). The solubility and speciation was calculated using the 
THERMOCHIMIE thermodynamic database (Andra 2009). This database contains all 
the critically reviewed and recommended data from the NEA. For most of the safety 
relevant radionuclides, good or at least fairly good thermodynamic data and 
corresponding uncertainties are included in the database.  

For some elements, such as Pa or Mo, the data are rather poor and the uncertainties 
related to speciation are large. For actinides and lanthanides, carbonate complexation is 
important, especially under more dilute and carbonate-rich conditions, which may occur 
due to climatic evolution towards glacial conditions. The sorption of radionuclides 
forming free cations (e.g. Cs+, Sr2+, Ra2+) will be affected by the salinity of the 
groundwater due to competition for interlayer exchange sites with Na+, Ca2+ and Mg2+ 
from the groundwater. 

Overall, aqueous solubility and speciation in the tunnel backfill is influenced by the 
following features of the repository system. 

 Radionuclide inventory: controls the type and amount of radionuclides that may be 
available for transport. 

 Temperature: a first-order control on the solubility of radionuclides. 

 Pressure: influences solubility and speciation but is a second-order control in the 
repository environment. 

 Water content: affects the concentration of dissolved radionuclides in the porewater, 
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which is most relevant for those species close to saturation. 

 Backfill composition: the mineralogical properties of the clay and of accessory 
minerals affect porewater composition by dissolution/precipitation and surface 
reactions (cation exchange and surface complexation). 

 Porewater composition: is a first-order control on the solubility and speciation of 
radionuclides, particularly the pH, Eh and the type and concentration of dissolved 
species in the porewater. 

 Gas composition: affects the porewater composition (redox) if a two-phase system 
develops. 

Uncertainties in the understanding of the FEP: 

The solubility and speciation of radionuclides in the backfill is constrained by the 
porewater composition which has been assessed by modelling (Wersin et al. 2012). The 
porewater composition will change over time as the near-field system evolves, but the 
variation is uncertain. It has been considered in a robust way, by defining reference and 
bounding porewater compositions. Thus, a large span of pH, Eh, carbonate and salinity 
is considered for radionuclide speciation to account for the uncertainty in porewater 
composition. 

There is also some uncertainty related to the thermodynamic data used for modelling 
solubility and speciation. This includes uncertainty in the equilibrium constant, the ionic 
strength extrapolation method and the quality of data in the database. For many 
radionuclides, the uncertainty related to the porewater composition has a more 
significant effect on speciation than that related to the thermodynamic data. 

Overall, there have been fewer studies and there is less relevant information on 
radionuclide solubility and speciation in a Friedland clay system than in a bentonite 
system, and correspondingly the uncertainties are larger.  

Couplings to other FEPs: 

Aqueous solubility and speciation in the tunnel backfill is directly affected by the 
following FEPs: 

 Heat transfer [6.2.1] 
 Montmorillonite transformation [6.2.5] 
 Alteration of accessory minerals [6.2.6] 
 Microbial activity [6.2.7]  
 Chemical degradation (of the auxiliary components) [7.2.1] 
Aqueous solubility and speciation directly affects the following FEPs: 

 Precipitation and co-precipitation [6.3.2] 
 Sorption [6.3.3] 
 Diffusion [6.3.4] 
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6.3.2 Precipitation and co-precipitation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None 5.3.7 

General description: 

Precipitation and co-precipitation are two of the possible chemical mechanisms that 
may retard radionuclide transport. These mechanisms in the backfill are essentially the 
same as in the buffer, although at a detailed level there may be differences due to:  

 the different mineral assemblage in Friedland clay compared with bentonite means 
that the porewater chemistry may also be slightly different in the backfill compared 
with the buffer, and 

 the likely lower concentrations of radionuclides in the backfill because of the high 
retention capacity provided by the buffer. 

If a radionuclide concentration exceeds its solubility limit, it will precipitate as a solid 
phase. In the tunnel backfill, however, the radionuclide concentrations are expected to 
be very low and below the solubility limits for most radionuclides. Therefore, the 
primary retardation mechanism will be sorption [6.3.3] rather than precipitation.  

Co-precipitation of a radionuclide with another major element to form a solid solution 
may occur in the backfill. This process is strongly influenced by the porewater 
conditions and, therefore, its effect will be site-specific. One important and well 
established case of solid solution is the co-precipitation of Ra-226 with Ba, which has 
been investigated in detail (Bosbach et al. 2010). This process is considered for the 
derivation of radium solubility limits. Other than this case, there are few reliable 
thermodynamic data for solid solutions. Consequently, co-precipitation is usually not 
accounted for in performance assessments, which is generally a conservative 
assumption (Bruno et al. 2007). 

A special case of solid solution is isotopic exchange between a radionuclide in solution 
and a stable nuclide of the same element included in a mineral. This retention process is 
considered for inorganic C-14 which is incorporated in calcite by the isotopic exchange 
process (Bradbury & Baeyens 2003; Wersin et al. 2012). 

Precipitation and co-precipitation of radionuclides in naturally occurring bentonite 
deposits and other clays have been reported in connection with many natural analogue 
studies and also in laboratory experiments (e.g. Cramer & Smellie 1994). 

Precipitation and co-precipitation are most relevant for defective canister scenarios, 
when temperatures are high and the radionuclide concentrations that may occur in the 
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backfill could be sufficiently high for solubility limits to be exceeded. 

Precipitation and co-precipitation, if it occurs on solid surfaces such as mineral grains, 
would retard radionuclide transport. The mechanism is considered to be irreversible, 
unless a change in geochemical conditions causes the precipitated mineral phases to 
redissolve. It is possible that precipitation could cause the formation of suspended 
colloids directly from solution and, if this were to occur, it could enhance radionuclide 
transport, although colloids are not expected to be mobile in the tunnel backfill [6.3.6].  

Overall, precipitation and co-precipitation are influenced by the following features of 
the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for inclusion in 
precipitates. 

 Temperature: a first-order control on the solubility of radionuclides. 

 Pressure: can influence solubility limits and, thus, precipitation but is a second-order 
control in the repository environment. 

 Backfill geometry: the sizes and shapes of the pores, as well as their electrical and 
chemical surface properties are significant for the nucleation and formation of 
precipitates. 

 Water content: controls the availability of water needed for chemical reactions. 

 Backfill composition: the mineralogical properties of clay and of accessory minerals 
affect porewater composition and, thus, radionuclide speciation and solubility. 

 Porewater composition: is a first-order control on the solubility limits and the 
presence of other dissolved elements controls the potential for co-precipitation to 
occur. 

 Gas composition: will affect the porewater composition (redox) if a two-phase 
system develops. 

Uncertainties in the understanding of the FEP: 

Similar uncertainties apply to the understanding of radionuclide precipitation and co-
precipitation in the backfill as were described for the buffer [5.3.2]. 

Overall, there have been fewer studies and there is less relevant information on 
radionuclide precipitation and co-precipitation in a Friedland clay system than in a 
bentonite system, and correspondingly the uncertainties are larger.  

Couplings to other FEPs: 

Precipitation and co-precipitation in the tunnel backfill is directly affected by the 
following FEPs: 

 Heat transfer [6.2.1] 
 Montmorillonite transformation [6.2.5] 
 Alteration of accessory minerals [6.2.6] 
 Microbial activity [6.2.7]  
 Aqueous solubility and speciation [6.3.1] 
 Sorption [6.3.3] 
 Diffusion [6.3.4] 
 Chemical degradation (of the auxiliary components) [7.2.1] 
Precipitation and co-precipitation in the buffer directly affects the following FEPs: 
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 Sorption [6.3.3] 
 Diffusion [6.3.4] 
 Colloid transport [6.3.6] 
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6.3.3 Sorption 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Ion exchange; Physical adsorption 5.3.4 

General description: 

Sorption is a general term describing the attachment of dissolved species to mineral 
surfaces. It includes ion exchange, physical adsorption and surface complexation. 
Sorption can also be considered as the precursor to precipitation.  

Sorption in the backfill is essentially the same process as in the buffer, although at a 
detailed level there may be differences due to:  

 the different mineral assemblage in Friedland clay compared with bentonite, and 
especially the lower montmorillonite content, means that there will be different 
sorption sites and capacity,  

 the higher porosity and bulk water content of Friedland clay compared with the 
buffer, and 

 the likely lower concentration of radionuclides in the backfill because of the high 
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retention capacity provided by the buffer. 

The supply of calcium from the deep groundwater into the backfill and the dissolution 
of calcium-bearing accessory minerals [6.2.6] will convert the Na-clay to the calcium 
form through cation exchange. The exchange process depends strongly on the 
groundwater flow at the backfill-rock boundary. Despite the fact that this conversion is 
accelerated in the presence of a Ca-rich groundwater, the conversion to the Ca-form will 
be very slow due to the slow rate of diffusion through compacted Friedland clay and the 
limited groundwater supply from the adjacent host rock.  

The sorption of radionuclides on the tunnel backfill is quantified by the distribution 
coefficient (Kd) between the sorbed concentration as mass per unit mass of solid 
material and the concentration in solution. The Kd value is strongly dependent on the 
chemical conditions and is valid only for the particular experimental conditions in 
which it was obtained. Kd values for different radionuclides on Friedland clay are less 
well documented than for bentonite, and it is likely that the bulk sorption capacity of 
Friedland clay will be lower than for bentonite because of the low montmorillonite 
content. 

Determinations of Kd values in disperse systems cannot be easily extrapolated to 
compacted systems due to the fact that Kd is an aggregated parameter that depends on 
the conditions of the experiment. Mechanistic models and descriptions have been 
developed in recent years that allow a deeper understanding of the process and facilitate 
the definition of uncertainty ranges for this parameter.  

Overall, sorption is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for sorption. 

 Temperature: sorption (Kd) and the availability of sorption sites is controlled by the 
temperature. 

 Backfill geometry: may affect the availability of sorption sites. 

 Water content: controls sorption in terms of the availability of the solute species. 

 Backfill composition: controls the nature of sorption sites and their availability. 

 Porewater composition: is a control on sorption processes. 
Uncertainties in the understanding of the FEP: 

Similar uncertainties apply to the understanding of radionuclide sorption in backfill as 
were described for buffer (5.3.3). 

It is clear that Kd is a highly conditional parameter dependent on chemical conditions 
(pH, ionic strength, etc.) and has to be derived for each set of conditions. Also the 
expected changes in groundwater composition during upconing and glacial cycles are 
important sources of uncertainty. 

Overall, there have been fewer studies and there is less relevant information on 
radionuclide sorption in a Friedland clay system than in a bentonite system, and 
correspondingly the uncertainties are larger.  

Couplings to other FEPs: 

Sorption in the tunnel backfill is directly affected by the following FEPs: 

 Heat transfer [6.2.1] 
 Montmorillonite transformation [6.2.5] 
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 Alteration of accessory minerals [6.2.6]  
 Aqueous solubility and speciation [6.3.1] 
 Precipitation and co-precipitation [6.3.2] 
 Diffusion [6.3.4] 
Sorption in the buffer directly affects the following FEPs: 

 Precipitation and co-precipitation [6.3.2] 
 Diffusion [6.3.4] 
 Advection [6.3.5] 
 Colloid transport [6.3.6] 
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6.3.4 Diffusion 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Advection-diffusion 5.3.1 
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General description: 

Diffusion is the process whereby chemical species move under the influence of a 
chemical gradient (usually a concentration gradient). A proportion of the radionuclides 
that diffuse through the buffer [5.3.4] will be available for diffusion in the tunnel 
backfill, although the majority of radionuclides that migrate through the buffer will be 
released directly to the near-field rock.  

Diffusion in the backfill is essentially the same process as in the buffer [5.3.4], although 
at a detailed level there may be differences due to:  

 the different mineral assemblage in Friedland clay compared with bentonite, which 
means that there will be different porosity and permeability, and 

 the lower swelling pressure and higher bulk water content of Friedland clay 
compared with bentonite in the buffer, which means that the diffusion rate may be 
higher. 

Maintaining a diffusive barrier is dependent on the physical and chemical processes that 
affect the tunnel backfill over time. Loss of swelling pressure can occur due to erosion 
[6.2.3] and chemical erosion [6.2.4] or alteration of the montmorillonite [6.2.5]. Slow 
loss of swelling and an increase in diffusion rates is anticipated but is not expected to be 
significant for safety over the time scales of interest. If, however, there was substantial 
loss in swelling pressure, advection might become significant for radionuclide transport 
[6.3.5]. 

Overall, diffusion is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for diffusion. 

 Temperature: is a control on the rate of diffusion, although this is of secondary 
importance. 

 Swelling pressure: affects diffusivities by affecting pore sizes. 

 Backfill geometry: affects the pathways for diffusion. 

 Water content: will affect the swelling pressure and bulk diffusivity. 

 Backfill composition: affects the final swelling pressure that is achieved. 

 Porewater composition: controls the concentration gradient that drives diffusion. 

 Gas composition: if gas is present, it will affect the diffusion rate and process. 

Uncertainties in the understanding of the FEP: 

Similar uncertainties apply to the understanding of radionuclide diffusion in the backfill 
as were described for the buffer (5.3.4). 

Overall, there have been fewer studies and there is less relevant information on 
diffusion rates in a Friedland clay system than in a bentonite system, and 
correspondingly the uncertainties are larger.  

Couplings to other FEPs: 

Diffusion in the tunnel backfill is directly affected by the following FEPs: 

 Heat transfer [6.2.1] 
 Water uptake and swelling [6.2.2] 
 Piping and erosion [6.2.3] 
 Chemical erosion [6.2.4] 
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 Montmorillonite transformation [6.2.5] 
 Alteration of accessory minerals [6.2.6] 
 Freezing and thawing [6.2.8] 
 Aqueous solubility and speciation [6.3.1] 
 Precipitation and co-precipitation [6.3.2] 
 Sorption [6.3.3] 
 Colloid transport [6.3.6] 
Diffusion in the tunnel backfill directly affects the following FEPs: 

 Microbial activity [6.2.7] 
 Precipitation and co-precipitation [6.3.2] 
 Sorption [6.3.3] 
 Gas transport [6.3.7] 
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6.3.5 Advection 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Advection-diffusion 5.3.1 

General description: 

Advection (flow) is the bulk movement of groundwater due to a hydraulic (head) 
gradient, and advection in the backfill is essentially the same process as in the buffer, 
although at a detailed level there may be differences due to:  

 the lower swelling pressure and higher hydraulic conductivity of Friedland clay 
compared with the bentonite in the buffer,  

 the greater potential for larger flowing fractures to intersect the tunnels than the 
deposition holes; and 

 the larger size and lateral geometry of the tunnels compared with the deposition 
holes that may facilitate lateral flow. 

During the initial hydraulic resaturation phase, significant volumes of groundwater may 
flow through the tunnels from any larger intersecting hydraulically active fractures. If 
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the rate of inflow exceeds the rate of water uptake in the bentonite [6.2.2], then active 
flow channels or ‘pipes’ will develop in the backfill. 

The measured hydraulic conductivity values for Friedland clay are presented in 
Figure 6-3 [6.2.2]. In the average dry density state of the backfill, the hydraulic 
conductivity should be < 10-11 m/s. Advection will continue until a sufficient swelling 
pressure has been achieved so that the hydraulic conductivity of the backfill becomes 
too low to support advective flow. Full saturation and complete swelling of the backfill 
should occur long before any canisters fail (except for those with initial penetrating 
defects) and, therefore, advection in the backfill is not considered a significant process 
for radionuclide transport. 

Maintaining a diffusive barrier is dependent on the physical and chemical processes that 
affect the backfill over time. Loss of swelling pressure can occur due to piping and 
erosion [6.2.3] and chemical erosion [6.2.4] or alteration of the montmorillonite [6.2.5]. 
Freezing and thawing could also affect the hydraulic conductivity of the backfill [6.2.8]. 
Over time, these processes may contribute to a slow loss of swelling pressure, and an 
increase in diffusion rates, but they are not expected to be significant for safety over the 
time scales of interest. If, however, there was substantial loss in swelling pressure, 
advection could become significant for radionuclide transport. 

If advection through the backfill did occur, it would suggest that colloidal transport may 
also take place [6.3.6] because open pathways may be created. 

Overall, advection is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for advection. 

 Temperature: a temperature gradient will cause thermal convection if advection is 
possible. 

 Swelling pressure: controls whether advection or diffusion is the dominant transport 
mechanism in the tunnel backfill. 

 Backfill geometry: affects the pathways for advection, such as through ‘pipes’. 

 Water content: the initial water content in the backfill controls the wetting time and 
period over which advection is likely to take place. 

Uncertainties in the understanding of the FEP: 

Water uptake and advection in the backfill under unsaturated conditions and in the 
presence of a temperature gradient is a complex process that is determined by many 
coupled sub-processes and influenced by parameters of the buffer, backfill and the near-
field rock. 

Advection through the backfill after full saturation and complete swelling is not 
anticipated, although it could occur if physical or chemical processes caused the 
swelling pressure to drop substantially. The conditions under which this may occur are 
uncertain, although it is considered unlikely. 

Overall, there have been fewer studies and there is less relevant information on 
advection in a Friedland clay system than in a bentonite system, and correspondingly 
the uncertainties are larger.  
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Couplings to other FEPs: 

Advection in the tunnel backfill is directly affected by the following FEPs: 

 Heat transfer [6.2.1] 
 Water uptake and swelling [6.2.2] 
 Piping and erosion [6.2.3] 
 Chemical erosion [6.2.4] 
 Montmorillonite transformation [6.2.5] 
 Alteration of accessory minerals [6.2.6] 
 Freezing and thawing [6.2.8] 
 Precipitation and co-precipitation [6.3.2] 
 Sorption [6.3.3] 
 Gas transport [6.3.7] 
 Physical degradation (of the auxiliary components) [7.2.2] 
 Transport through the auxiliary components [7.3.1] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
Advection in the tunnel backfill directly affects the following FEPs: 

 Piping and erosion [6.2.3] 
 Chemical erosion [6.2.4] 
 Microbial activity [6.2.7] 
 Colloid transport [6.3.6] 
 Gas transport [6.3.7] 
 Chemical degradation of auxiliary components [7.2.1] 
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6.3.6 Colloid transport 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Colloid facilitated transport 5.3.3 

General description: 

The presence of colloids in the repository near field may have an influence on 
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radionuclide transport (Alonso et al. 2006), but only after the canister has failed. 
Consequently, colloid formation and colloidal transport are particularly relevant to the 
defective canister scenarios. For the entire time the canister remains intact, no colloid-
mediated radionuclide transport can occur in the backfill. 

Colloid transport in the backfill is essentially the same process as in the buffer [5.3.6], 
although at a detailed level there may be differences due to:  

 the lower swelling pressure and greater porosity of Friedland clay compared with 
the bentonite in the buffer, and 

 the likely lower concentration of radionuclides in the backfill because of the high 
retention capacity provided by the buffer. 

In the tunnel backfill, a variety of inorganic and organic colloids originating from either 
the natural groundwater or the backfill materials may serve as source material for 
colloid-mediated transport. Any colloids that may have formed in the buffer could also 
migrate into the tunnel backfill, carrying any radionuclides attached to them. 

The background colloid concentrations measured at Olkiluoto, specifically in 
ONKALO, have been monitored since 2006 to a depth of about 85 m and the most 
recently reported data indicate sub-ppm mass concentrations (Takala et al. 2009, p. 20). 
Although colloid populations have not been monitored at repository depth, it is 
reasonable to assume that they will be even lower given the higher salinity at such 
depths (10–20 g/L).  

It is generally considered that the backfill, once it has reached its full swelling pressure 
[6.2.2], will serve as an efficient filter to all but the smallest colloids because of the very 
small pore spaces, which are typically around 200 nm in diameter, and even smaller 
pore throat size limiting the size of colloids that will be mobile. The lower swelling 
pressure of the backfill compared with the buffer may mean that colloidal transport is 
somewhat more likely to occur in the backfill than the buffer, but there will be a much 
lower concentration of radionuclides to be transported. 

In the case of a backfill system in contact with an intersecting, transmissive fracture, 
loss of mass and reduction in swelling pressure of the montmorillonite by chemical 
erosion and transport of colloidal material cannot be ruled out [6.2.4]. In this case, 
radionuclide sorption onto the eroded montmorillonite particles could lead to significant 
colloid-mediated radionuclide transport (Alonso et al. 2006), provided a significant 
concentration of radionuclides was present at the backfill/fracture interface.  

The sorption properties of actinides, fission products and activation products on 
bentonite and other minerals have been well studied (Wold 2010). There are, however, 
few reliable data regarding desorption and even fewer for adsorption/desorption to the 
colloidal fraction, particularly with respect to the longer time scales more relevant for 
transport processes through the geosphere. Such information could help determine 
whether sorption onto colloids should be treated as a reversible or irreversible process in 
radionuclide transport models. Nonetheless, bounding assessment calculations can be 
carried out with conservative assumptions.  

Overall, colloidal formation and colloid transport are influenced by the following 
features of the repository system. 

 Radionuclide inventory: controls the radionuclides that may be available to form 
intrinsic colloids and for association with other colloidal species. 
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 Temperature: the stability of colloids may be temperature dependent, although this 
is only a second-order control. 

 Swelling pressure: higher swelling pressures lead to more effective colloid filtration. 

 Backfill geometry: the size and shape of the pore spaces is important for 
determining the efficiency of filtration of colloids. 

 Water content: is the primary control on the swelling pressure and, thus, the ability 
of the backfill to filter colloids. 

 Backfill composition: influences the composition of colloids formed from clay 
minerals. 

 Porewater composition: is an important control for the formation and stability of 
colloids. 

Uncertainties in the understanding of the FEP: 

There is a lack of accurate data regarding radionuclide sorption on colloids, in particular 
montmorillonite colloids (Wold 2010). Forms of uncertainty include experimental error, 
the conditional nature of experimentally determined distribution coefficients, not only 
on geochemical conditions but on the specific characteristics of the colloids, and effects 
due to colloid size distributions. 

Overall, there have been fewer studies and there is less relevant information on colloidal 
transport in a Friedland clay system than in a bentonite system, and correspondingly the 
uncertainties are larger.  

Couplings to other FEPs: 

Colloid transport in the tunnel backfill is directly affected by the following FEPs: 

 Water uptake and swelling [6.2.2] 
 Piping and erosion [6.2.3] 
 Chemical erosion [6.2.4] 
 Montmorillonite transformation [6.2.5] 
 Freezing and thawing [6.2.8] 
 Precipitation and co-precipitation [6.3.2] 
 Sorption [6.3.3] 
 Advection [6.3.5] 
 Gas transport [6.3.7] 
Colloid transport in the tunnel backfill directly affects the following FEPs: 

 Diffusion [6.3.4] 
 Colloid transport (in the geosphere) [8.3.6] 
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6.3.7 Gas transport 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Two-phase flow 5.3.2 

General description: 

Gas in the tunnel backfill can originate from air incorporated in the backfill materials at 
the time of emplacement or introduced by the groundwater.  

Gas transport in the backfill is essentially the same process as in the buffer [5.3.7], 
although at a detailed level, there may be differences due to the much larger volume of 
void space, and thus trapped air, that will be present in the backfill at the time of closure 
compared with the buffer. 

As groundwater flows into the tunnels during water uptake [6.2.2], the free air will be 
compressed. Unless this air can rapidly migrate through the fractures in the rock, an air 
pocket will be created in the upper parts of the tunnels that will delay further saturation 
until all of the air has dissolved into the groundwater and has diffused into the rock.  

Unlike in the deposition hole, there will be no significant volumes of gas generated by 
anaerobic degradation of iron and, therefore, the trapped air represents the most 
important source of gas within the backfill. 

It is possible that some gas generated by corrosion of the cast iron insert [4.2.6] will 
migrate upwards through the buffer [5.3.7] and be transported through, or at the 
boundaries of, the backfill. In this case, the main gas transport process is an advective 
flux which is controlled by the pressure gradient and is governed by Darcy’s law. There 
is also a non-advective flux which is controlled by the concentration gradient and is 
governed by Fick’s law. It is unlikely, however, that a sufficient gas overpressure would 
form in the backfill to overcome the swelling pressure and create gas pathways through 
the backfill. The preferred gas pathway is likely to be at the rock/backfill interface. 

If present in the backfill, radionuclides can be transported directly in the gas phase (e.g. 
C-14, H-3, I-129) or in the aqueous phase in water expelled from the backfill by the gas. 

Overall, gas transport in the backfill is influenced by the following features of the 
repository system. 

 Radionuclide inventory: controls the radionuclides that may be available for gas 
transport. 

 Temperature: is significant for the reaction rates leading to gas production and 
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controls gas pressure and transport. 

 Swelling pressure: controls the breakthrough pressure required to form gas 
pathways. 

 Backfill geometry: influences the formation of paths for gas transport. 

 Water content: may control the amount of gas in solution and the transport of gas. 

 Porewater composition: controls the solubility of gas and whether a separate gas 
phase can form. 

 Gas composition: the nature of the gas will control whether it is dissolved or in a gas 
phase. 

Uncertainties in the understanding of the FEP: 

The behaviour of gas in the backfill is uncertain. Whether a free gas phase persists 
during resaturation depends on the balance between the rate of groundwater ingress to 
the tunnels and the rate at which trapped air can diffuse through the rock. 

It is also uncertain whether gas generated within the canister can migrate upwards to the 
tunnel and migrate through the backfill. 

 

Couplings to other FEPs: 

Gas transport in the tunnel backfill is directly affected by the following FEPs:  

 Heat transfer [6.2.1] 
 Water uptake and swelling [6.2.2] 
 Piping and erosion [6.2.3] 
 Chemical erosion [6.2.4] 
 Montmorillonite transformation [6.2.5] 
 Freezing and thawing [6.2.8] 
 Diffusion [6.3.4] 
 Advection [6.3.5] 
Gas transport in the tunnel backfill directly affects the following FEPs: 

 Advection [6.3.5] 
 Colloid transport [6.3.6] 
 Gas transport (in the geosphere) [8.3.7] 
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7 AUXILIARY COMPONENTS 

7.1 Description 

Auxiliary components refer to all of the plugs and other construction and sealing 
materials in the tunnels and shafts of the repository system (and investigation 
boreholes), other than the deposition tunnel backfill which is described in Chapter 6.  

The closure plan for the KBS-3V type repository is currently under development and 
the latest design is presented in the Closure Production Line. The current reference 
design for the deposition tunnel plug is presented in the Backfill Production Line. A 
schematic presentation of a generic closure plan for the repository system is presented 
in Figure 7-1 and the main auxiliary components that are planned to be used are 
described below. 

Auxiliary components will mostly be composed of either cementitious or clay-based 
materials, rock materials (e.g. ballast, boulders, till) and relatively small amounts of 
metals. In addition to the closure components, this chapter discusses the deposition 
tunnel plugs and construction materials remaining in the disposal facility (e.g. grouts). 
The deposition tunnel plugs can be assumed to be fairly similar to the closure plugs in 
terms of key processes.  

Deposition tunnel plug: The deposition tunnel plugs will be positioned at the entrances 
of the deposition tunnels, and will be constructed as the deposition tunnels are 
progressively backfilled. The deposition tunnel plug must keep the backfill in place in 
the deposition tunnel while the central tunnel remains open for up to one hundred years 
and, consequently, the plug will initially function both as a mechanical and a water-tight 
structure. After closure, when the differential pressures in the deposition tunnel and the 
central tunnel have equalised, and the backfill material has achieved its final swelling 
pressure, the significance of the plug as a mechanical support decreases.  

Various designs for the deposition tunnel plugs are being considered (see Figure 7-2) 
and the current reference design (Figure 7-2a) is for a reinforced composite structure 
comprised of (SKB 2010): 

 a massive plug (low-pH concrete); 

 water-tight seals (swelling clay),  

 filter material (sand or gravel),  

 concrete beams, and 

 drainage and grouting pipes (steel). 

This reinforced tunnel plug must withstand the hydrostatic pressure of the surrounding 
groundwater and the swelling pressure from the backfill. The entire structure has been 
dimensioned so that it has a minimum pressure-bearing capacity of 7.5 MPa. In 
addition, the plug is dimensioned to withstand the thermal stress due to the radiogenic 
heat output from the closest canisters. 
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Figure 7-1. Current reference design for closure showing the access tunnel (1) and 
shafts (2), technical rooms at the repository level (3) and the central tunnels (4) leading 
from the technical rooms to deposition tunnels. The location of the L/ILW repository is 
also shown (5). From the Closure Production Line report. 

 

 

 

A      B 

Figure 7-2. (A) A schematic section (side view) of the reference design for the 
reinforced, composite deposition tunnel plug (SKB 2010). (B) The wedge shaped 
concrete plug (Haaramo & Lehtonen 2009).  
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Cementitious components: In the repository system, two main types of cement-based 
material formulations are planned to be used for construction of the plugs. 

 For plugs in the upper parts of the facility, a standard concrete will be used. 

 For plugs in the deposition tunnels and in other deeper parts of the repository 
system, a low-pH concrete is planned to be used. The low pH concrete is currently 
under development and will be based on the formulation given in Table 7-1.  

Other cementitious components that may be present in the repository system after 
closure include shotcrete, rock bolt grouts and cementitious injection grouts, although 
the majority of the shotcrete will be removed before closure (Karvonen 2011).  

Clay and/or rock components: Swelling clays (e.g. bentonite) may be used as plug 
components in places where a watertight contact between the engineered structure and 
the rock has to be maintained for a prolonged period of time. Clays may also be used to 
seal boreholes drilled from the ground surface and within the excavations (Karvonen 
2012). Clays or clay-mixtures may be used in the backfill of the underground openings 
and different backfill types may be utilised in different sections of the repository. The 
backfill used for the central tunnels is likely to be similar to that used in the deposition 
tunnels (Chapter 6), but for the access tunnel in the upper part of the repository system 
different backfill materials may be used that reflect local conditions.  

Metallic components: Metals may be used in rock bolting and other supporting 
structures as well as in the composite deposition tunnel plugs. Steel is anticipated to be 
the most used metal in the concrete structures, but copper and titanium may also be used 
in some components, such as in certain borehole seals (Pusch & Ramqvist 2007). 

Other components: In addition to the low-pH cement based grouts, colloidal silica 
(non-cementitious material) is being considered for use in the deposition tunnels as a 
grouting material to seal and grout any fractures that intersect the tunnel walls.  

 
Table 7-1. Reference recipe for the low-pH concrete planned to be used in the 
deposition tunnel plug. Data from Vogt et al. (2009). 

Design parameter Material Composition (kg/m3) 

Binder Cement CEM I 42.5 MH/LA/SR 120 

 Densified Silica fume 80 

Water Tap water 165 

Filler Limestone filler L25 369 

 Sand 0-8 mm 1037 

 Gravel 8-16 mm 558 

Admixture Superplasticiser Glenium 51 6.38 
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7.1.1 Long-term safety and performance 

The auxiliary components as defined in Section 7.1 contain the closure components and 
the deposition tunnel plugs. The primary requirement of the auxiliary components is to 
isolate and decouple the repository from the surface environment, including people, 
animals and plants, and their normal behaviours. Thus, the safety functions assigned to 
the auxiliary components (closure) are to: 

 Prevent the underground openings from compromising the long-term isolation of 
the repository from the surface environment. 

 Contribute to favourable and predictable geochemical and hydrogeological 
conditions for the other engineered barriers by preventing the formation of 
significant groundwater flow paths through the excavations. 

 Limit and retard the release of harmful substances from the repository. 

For the closure and deposition tunnel plug it has been defined that the closure materials 
and structures, as well as the backfill plug, shall fulfill the performance targets over 
hundreds of thousands of years in the expected repository conditions except for 
incidental deviations. 

The ability of the auxiliary components to provide these safety functions, as part of the 
engineered barrier system, depends strongly on the chemical, physical and mechanical 
properties of the backfill, and of the sealing structures. In the immediate short-term 
period following emplacement of backfill and the tunnel plugs, the main processes that 
will affect their functioning are (i) the development of the mechanical strength of the 
plug, and (ii) the increase in the swelling pressure in the backfill.  

Swelling, and piping and erosion of the clay-based auxiliary materials are complicated 
coupled processes that may affect their performance during the resaturation period, and 
so are highly dependent on the hydraulic behaviour of the near-field rock. Over both the 
short and long-term periods, chemical processes (e.g. chemical degradation and 
leaching of cement) may locally affect the performance of the auxiliary components. 
The components in the upper part of the repository system will also be affected by 
future freezing and thawing. 

7.1.2 Overview of the potentially significant FEPs 

There are a number of processes that are considered to be significant for the long-term 
performance of the auxiliary components that relate to system evolution and to the 
migration of radionuclides and other substances. The processes described for the tunnel 
backfill (Chapter 6) are also relevant to the auxiliary components. 

Processes related to system evolution are: 

7.2.1  Chemical degradation  

7.2.2  Physical degradation  

7.2.3  Freezing and thawing 

There is only one general overarching process related to the migration of radionuclides 
and other substances: 
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7.1.3 Transport through auxiliary components 

These processes are each potentially affected by a number of features of the repository 
system that can influence the occurrence, rate, activity and potential couplings between 
the processes. These features relate either to aspects of the design of the repository 
system or to parameters (characteristics) of the auxiliary components that might be 
time-dependent during the repository lifetime. The most significant features are: 

 Radionuclide inventory 

 Temperature 

 Pressure 

 Repository geometry  

 Mechanical stresses 

 Material composition 

 Groundwater composition. 

The possible influences of these features on the processes considered to be significant 
for the long-term performance of the auxiliary components are described in each FEP 
description, and are summarised in Table 7-2.  

Many of the processes occurring within the auxiliary components are interdependent 
and directly coupled to each other. For example, physical degradation [7.2.2] will 
directly affect the transport through the various plugs and seals [7.3.1]. The direct 
couplings are listed in each FEP description, and are summarised in the matrix shown in 
Table 7-3.  

Similarly, due to the complex interactions between the various parts of the disposal 
system, the evolution of the auxiliary components can influence (or be influenced by) 
processes occurring in other parts of the repository system through interactions between 
various processes. For example, chemical degradation [7.2.1] interacts with 
groundwater flow and advective transport in the geosphere [8.3.5]. The interactions 
between the auxiliary components and other components of the disposal system are 
summarised in Table 7-4. 
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Table 7-2. The possible influences of features of the disposal system on the processes considered to be significant for the long-term 
performance of the auxiliary components (marked with Y). These influences and couplings are discussed in more detail in each FEP 
description. 
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Processes related to system evolution:  

7.2.1  Chemical degradation   Y Y Y Y Y

7.2.2  Physical degradation   Y Y Y Y Y

7.2.3  Freezing and thawing  Y Y Y Y Y

Processes related to the migration of radionuclides and other substances:        

7.3.1  Transport through auxiliary components Y Y Y  Y Y
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Table 7-3. Possible couplings between FEPs within the auxiliary components 
considered significant for the long-term performance of the disposal system. The 
numbers on the leading diagonal refer to the FEPs listed in Section 7.1.2. As an 
example of how to read this table, the blue coloured square means that “Physical 
degradation” [7.2.2] direct affects “Transport through auxiliary components” [7.3.1]. 

 
7.2.1 X  X 

X 7.2.2  X 

X X 7.2.3 X 

 
 

  7.3.1 

 

Table 7-4. Interaction matrix for the auxiliary components. FEPs in italics are 
addressed in other chapters. 

 
 

7.2 System evolution FEPs 

Various thermal, chemical and mechanical processes, and their couplings, will affect the 
evolution of the auxiliary components. The behaviour of these components and the 
achievement of their safety functions will depend on the times and rates at which these 
processes occur. The following descriptions summarise each of these processes and the 
effects of the different variables on them. The couplings of these FEPs with other FEPs 
are thus indicated, but the consequences of the interaction or combinations of 
interactions are discussed in Performance Assessment. 
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7.2.1 Chemical degradation  

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 7.2.3 

General description: 

After closure of the repository system, groundwater will flow into the tunnels from the 
near-field rock [8.3.5] and the auxiliary components will become water saturated. For 
some tunnel locations, unsaturated conditions may prevail longer than for others, 
depending on the local groundwater flow conditions. Cementitious auxiliary 
components in contact with the groundwater may deteriorate due to leaching, alteration 
of their component minerals and gel phases, and by carbonation. Chemical degradation 
may also affect the clay-based auxiliary components by mineralogical changes that are 
essentially the same as those that control the alteration of montmorillonite in the buffer 
[5.2.6] and tunnel backfill [6.2.5].  

Chemical degradation of the auxiliary components may have two significant effects. 
First, they may lose their ability to isolate tunnels and boreholes, increasing the 
potential for groundwater flow and radionuclide transport. This will also increase their 
susceptibility to mechanical degradation [7.2.2]. Second, the alkaline plume generated 
by degradation of the cementitious components may interact with bentonite causing a 
loss of swelling pressure and a reduction in the safety performance of the buffer and 
backfill.  

Depending on the composition of the groundwater, dissolved chloride, sulphate and 
magnesium can act as corroding agents for cementitious materials. Chemical 
degradation of cement is mainly a coupled diffusion-reaction phenomenon, and the time 
needed for complete degradation of the concrete plugs will be highly dependent on the 
relative surface area of the concrete where diffusion exchange with water takes place as 
well as on the groundwater composition. 

In the repository system, two main types of cement formulations are planned to be used 
for the tunnel plugs and injection grouts: 

 a standard, high pH cement for the upper parts of the facility; and 

 a low pH cement in which the lime has been replaced with silica fume for the lower 
parts of the facility and the deposition tunnels.  

The use of low pH cementitious materials in the deeper parts of the repository system is 
intended to minimise the consequences of the alkaline plume causing a loss of swelling 
pressure in the buffer and backfill. The tunnels will be sealed in such a way as to limit 
the hydraulic connection between the areas with the two types of cement.  

The chemical degradation of standard cementitious materials is well understood but 
there are fewer data on the mechanisms and rates of degradation of low pH cement. 
Those studies that have been performed, however, found that they have broadly similar 
technical properties to more conventional cementitious materials (Martino 2005, 
Montori et al. 2008, Holt 2008).  

The silica fume used in low-pH cements generally improves the durability of cement 
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paste by increasing its strength, forming a less porous and less permeable matrix in 
concrete. This is due to the tendency for the silica to absorb moisture and swell slightly 
under wet conditions, which may help seal small fractures in the concrete if they form. 
Under drying conditions, however, low pH concretes may shrink and crack as moisture 
is lost (Holt 2008), but drying is not likely to occur in the post-closure repository 
environment. The use of silica fume to enhance durability of injection grouts has also 
been recommended based on experimental studies (Orantie & Kuosa 2008). 

In the water-saturated conditions expected in the repository, the low-pH cementitious 
materials will be more resistant to cracking than conventional cements and their rates of 
degradation will be slower. The development of pH conditions due to the degradation of 
low-pH cements has been studied in both stagnant (Vuorinen et al. 2005, Arenius et al. 
2008) and flowing (Heikola 2008) conditions relevant to the repository environment. 
These studies show that the leachates will be less alkaline (pH ≤ 11) than the 
hyperalkaline leachates generated by degradation of traditional lime-rich cements 
(pH ~ 12.5). The pH in pore solutions has been observed to be dependent on the silica 
content of the cement (e.g. Calvo et al. 2010). 

A conceptual model has been developed for the evolution of hyperalkaline leachates 
from conventional cements and their interaction with the host rock (Savage 1998). This 
model assumes that the leachates are released from the cement following mixing of 
groundwaters with the cement porewater. As the plume reacts with the host rock, the pH 
decreases, as Na, K, Ca, Al and Si in groundwater equilibrate with the cement leachates 
(Figure 7-3). The extent of the cement/rock interaction depends greatly on the 
groundwater composition and the mineralogy of the rock. This model was developed, 
however, for ILW repositories that will be backfilled with very large volumes of a lime-
based grout and it is not clear how relevant it is to the KBS-3 repository design that uses 
comparatively small and localised volumes of low-pH cement.  

 

 

Figure 7-3. Conceptual model of hyperalkaline plume evolution in the aluminosilicate 
host rock from a cementitious repository. CSH = calcium silicate hydrates, CASH = 
calcium, aluminium silicate hydrates. From Savage (1998). 
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The effects of grouting on rock-water interactions under Olkiluoto conditions have been 
modelled (Soler 2010). This work suggests that the formation of an alkaline plume will 
be extremely limited when a low-pH grout is used and, even when using grouts with 
lower silica fume contents, the extent and magnitude of the alkaline plume is likely to 
be limited. These results are in qualitative agreement with observations of cementitious 
materials in ONKALO (Soler 2010). Leaching tests with granitic groundwater have 
shown that low-pH concretes have good resistance to chemical degradation due to 
reaction with groundwater, although a thin altered front (in the order of a few to several 
hundred microns) has been observed showing incorporation of magnesium ions from 
groundwater into the CSH gels (Calvo et al. 2010). 

Local groundwater flow and transport conditions will have a major influence on the 
release and transport of cement leachate and on the development of the alkaline plume. 
Important controlling factors include the following (Metcalfe & Walker 2004): 

 In a fractured rock, most of the leachate will be contained within a few active 
fractures and will not come into contact with the bulk of the rock. Auxiliary 
components surrounding the larger fractures may be affected by greater amounts of 
dilute leachates. This is taken into account in the plug design. The water leaving an 
area of grouted rock will not have the same high pH and other properties of cement 
porewater because it will be diluted by the flowing groundwater. This source term 
dilution is enhanced by the fact that grouting is carried out at fracture zones and 
other locations where flow rates are highest. 

 Further pH buffering and dilution may take place during transport through the 
fractures although, in open fractures with a limited buffering capacity and a small 
flow wetted surface area, the leachate may be transported over long distances with 
only limited buffering and dilution. 

Any high pH leachate that is transported by groundwater will first interact with the host 
rock and fracture-filling minerals. This includes any porewaters held in the rock matrix, 
which can have a significant effect on mineral reactions, as was observed by the 
precipitation of calcite at the Maqarin natural analogue study site (Smellie 1998). Due to 
this interaction with the host rock, the pH of the leachate may be considerably lowered 
although no quantitative data on the pH buffering capacity of the Olkiluoto rocks are 
available.  

Given these factors, it is possible that some high pH leachate may interact with portions 
of the tunnel backfill. It is very unlikely, however, that significant volumes of leachate 
will reach the buffer in the deposition holes because the deposition holes will be located 
away from the largest flowing fractures. 

Groundwater chemistry is also affected by microbial activity [8.2.10]. Cementitious 
materials may act as energy sources for microbe populations (e.g. sulphur) but the long-
term impact of microbial activity on cement degradation is not well understood. 

Chemical degradation may also affect the clay-based auxiliary components by 
mineralogical changes that are generally the same as those that control the alteration of 
montmorillonite in the tunnel backfill [6.2.5] or buffer [5.2.6]. In locations where clay 
and concrete materials are in contact, mineral transformations may occur locally within 
the plugs and this has to be taken into account in the design of composite structures. 
Chemical degradation may also affect any metal reinforcements (e.g. rock bolts) left in 
the disposal facility after closure. 
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In addition to a loss of isolation capacity, other consequences of chemical degradation 
will be an increase in susceptibility to mechanical degradation [7.2.2], an increase in the 
surface area that may be available for sorption, and an increase in the rate of colloid 
production [7.3.1].  

The cementitious and clay-based auxiliary components in the upper parts of the 
repository system will be subjected to chemical degradation by reactions occurring 
under considerably different and changing groundwater conditions than at depth, 
including infiltration of oxidising waters [8.2.7]. In the upper parts, physical 
degradation [7.2.2] and freezing and thawing [7.2.3] will also be significant processes 
because these upper parts will be subject to glaciation [10.2.2] and permafrost [10.2.3] 
due to future climate evolution (Complementary Considerations, Section 7.3). 

Overall, chemical degradation of the auxiliary components is influenced by the 
following features of the repository system. 

 Temperature: the rate of degradation is affected by the temperature. 

 Pressure: hydrostatic pressure differences cause groundwater flow and influence the 
availability of external water that may interact with grout and other cementitious 
materials. Groundwater flow controls the amount of dilution and, therefore, the 
spread and pH of the alkaline plume. 

 Repository geometry: the location of the cementitious materials with respect to 
groundwater flow and distance from the buffer are key factors controlling the impact 
of the alkaline plume. 

 Material composition: the composition of the cement is a primary control on the pH 
of the alkaline leachates that will be generated. 

 Groundwater composition: is a primary control on the degradation mechanisms and 
rates for both cementitious and clay-based auxiliary components.  

Uncertainties in the understanding of the FEP: 

Although the mechanisms for cement degradation are well known for conventional 
surface construction, there are significant uncertainties about the mechanisms and rates 
that may occur under deep repository conditions. The degradation of low-pH 
cementitious materials is less well studied than the degradation of ordinary cementitious 
materials, although it is clear that the leachates that are generated will have a lower pH 
than would be produced by degradation of conventional cements. 

The pH buffering capacity of the rock and fracture-filling minerals at Olkiluoto is 
uncertain, as is the mineral reaction sequence. The long-term impact of microbial 
activity on cement degradation is not well understood. 

Couplings to other FEPs: 

Chemical degradation of the auxiliary components is directly affected by the following 
FEPs: 

 Advection (in the tunnel backfill) [6.3.5] 
 Physical degradation [7.2.2] 
 Freezing and thawing [7.2.3] 
 Rock-water interaction (in the geosphere) [8.2.7] 
Chemical degradation of the auxiliary components directly affects the following FEPs: 

 Montmorillonite transformation (in the buffer) [5.2.6] 
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 Alteration of accessory minerals (in the buffer) [5.2.7] 
 Aqueous solubility and speciation (in the buffer) [5.3.1] 
 Precipitation and co-precipitation (in the buffer) [5.3.2] 
 Montmorillonite transformation (in the tunnel backfill) [6.2.5] 
 Alteration of accessory minerals (in the tunnel backfill) [6.2.6] 
 Aqueous solubility and speciation (in the tunnel backfill) [6.3.1] 
 Precipitation and co-precipitation (in the tunnel backfill) [6.3.2] 
 Physical degradation [7.2.2] 
 Transport through the auxiliary components [7.3.1] 
 Rock-water interaction (in the geosphere) [8.2.7] 
 Aqueous solubility and speciation (in the geosphere) [8.3.1] 
 Precipitation and co-precipitation (in the geosphere) [8.3.2] 
 Colloid transport (in the geosphere) [8.3.6] 
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7.2.2 Physical degradation  

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Auxiliary components in the deeper parts of the repository system will be subject to a 
range of mechanical loads and stresses that may cause physical degradation by a 
number of different mechanisms that are dependent, in part, on the composition of the 
auxiliary components and their structural design. Auxiliary components in the upper 
part of the repository will also be subjected to freezing and thawing cycles [7.2.3].  

Physical degradation of the auxiliary components may cause the components to lose 
their strength, increasing the potential for groundwater flow and radionuclide transport. 
Physical degradation will also increase their susceptibility to chemical degradation 
[7.2.1].  

The strength of a material is its ability to withstand applied stress without failure. Stress 
may be compressive, tensile or shearing in nature. Auxiliary components will be 
subjected to the same stresses as the surrounding bedrock [8.2.2] and the stresses 
induced by the other engineered barriers, such as the swelling pressure from the backfill 
[6.2.2]. During water uptake and swelling of the tunnel backfill, there may be 
significant differential pressures and loads on the tunnel plugs as the backfill swells 
unevenly on either side of the plugs. Over time, as full swelling and mass redistribution 
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of the backfill is achieved, the hydrostatic and swelling pressures on either side of the 
plugs will equalise.  

In broad terms, the clay-based auxiliary components may respond to increased stress by 
plastic deformation, and may also be subject to piping and erosion in essentially the 
same manner as the buffer [5.2.3] and the tunnel backfill [6.2.3]. In contrast, the 
cementitious auxiliary components will respond to increased stress by brittle 
deformation.  

Physical degradation of cementitious materials generally leads to a loss of mechanical 
strength as well as a reduction of stiffness (Le Bellego et al. 2000, Carde et al. 1996). 
The mechanical strength of the concrete is a function of its multiphase (aggregate and 
binder) nature, and concrete strength is affected by: porosity, water/cement ratio, 
soundness of aggregate, aggregate-paste bond and other cement-related parameters such 
as chemical composition, cement surface area and particle-size distribution.  

The final strength of concrete is achieved after a process of curing, which may take 
some months. Curing may be accompanied by shrinkage due to loss of water, and 
generation of internal tensile stress. Post-curing (autogenous) shrinkage can occur after 
the concrete has reached its final strength and is attributed to self-desiccation 
phenomena driven by internal mineral hydration reactions (Figure 7-4). Autogenous 
shrinkage is usually only a concern in high-performance concrete (with strengths 
> 40 MPa) where there is a low water/cement ratio of less than about 0.45. It can be 
more severe in concrete mixtures that have a very dense paste, without interconnected 
pores, such as mixtures containing silica fume (Holt 2005). Autogenous shrinkage may 
be significant at repository depth where high performance is needed. 

Continued chemical degradation [7.2.1] will cause a progressive reduction in the 
mechanical strength of the plugs. Prolonged chemical degradation may also lead to a 
reduction in the proportion of soluble compounds in the concrete, causing a loss of
 

 

Figure 7-4. Reactions causing autogenous and chemical shrinkage. C = unhydrated 
cement, W = unhydrated water, Hy = hydration products, and V = voids generated by 
hydration. 
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ability for concrete swelling and dilation. Over time, this mechanism will cause a 
change in the hydromechanical behaviour of the concrete-rock interface and a potential 
loss of isolation capability. The extent of this loss will be dependent on the initial 
binder/aggregate ratio, but prolonged leaching will eventually lead to a total loss of 
soluble compounds in the concrete, leaving only aggregates in place. This process has 
been studied for altered and unaltered concretes under a shearing load, and a loss of 
mechanical strength was observed for the degraded plug/rock interface (Buzzi et al. 
2008). However, complete loss of isolation is not anticipated in the repository system 
due to the additional isolation capacity provided by the swelling clays in the tunnel 
backfill that will reduce the groundwater flow through the tunnel plugs. 

Mechanical shearing is possible at the plug-rock interface due to differential pressures 
caused by uneven backfill swelling [6.2.2]. Shearing may cause additional physical 
degradation, but shrinkage of the concrete plug may reduce the shearing stresses on it 
(Haaramo & Lehtonen 2009).  

In-situ rock stresses will be transferred to the plugs. The ambient stresses at Olkiluoto 
increase with depth and are well characterised (Aaltonen et al. 2010), but additional 
stresses will occur after closure of the disposal facility when the system moves towards 
a new mechanical, hydraulic and thermal equilibrium (Haaramo & Lehtonen 2009). The 
greatest differential loads and stresses are likely to be experienced by the auxiliary 
components during hydraulic resaturation, but additional loads will develop during and 
after future glaciations [10.2.2], land uplift [10.2.4], and permafrost formation [10.2.3]. 
Creep in the host rock may also affect the integrity of the plugs, but this process is 
anticipated to be of limited consequence because the additional loads induced by the 
rock are relatively low. 

Physical degradation may also affect the clay-based auxiliary components causing a loss 
in swelling pressure and isolation capacity. The main mechanisms are the same as those 
that will affect the tunnel backfill, notably piping and erosion [6.2.3] and chemical 
erosion [6.2.4], although flow rates may be higher in the upper part of the geosphere 
and, consequently, the rate of erosion may be higher.  

Overall, physical degradation of the auxiliary components is influenced by the 
following features of the repository system. 

 Temperature: the rates of degradation processes are affected by temperature. 

 Pressure: the water pressure and flow rate control the extent of any piping and 
erosion of the clay-based auxiliary components. 

 Repository geometry: will affect the stresses acting on the system and, thus, the 
potential for mechanical damage to occur. 

 Mechanical stress: the rock stress is a primary control on the physical degradation of 
the auxiliary components. 

 Material composition: the composition of the cement based materials is a primary 
control on its strength. 

Uncertainties in the understanding of the FEP: 

Although the parameters that contribute to the strength of concrete and the mechanisms 
that can cause a loss of strength are generally well understood for conventional surface 
construction, there are uncertainties about the mechanisms and rates that may occur 
under deep repository conditions. 
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The main uncertainties relate to the evolution of the disposal system and to the ability of 
the auxiliary components to maintain their mechanical and hydraulic properties. There 
is a lack of data on the long-term performance of concrete and cementitious structures in 
underground environments, particularly for the low-pH cements planned to be used in 
the deeper parts of the repository system. 

Couplings to other FEPs: 

Physical degradation of the auxiliary components is directly affected by the following 
FEPs: 

 Water uptake and swelling (in the tunnel backfill) [6.2.2] 
 Chemical degradation [7.2.1] 
 Freezing and thawing [7.2.3] 
 Stress redistribution (in the geosphere) [8.2.2] 
 Reactivation-displacements along existing fractures (in the geosphere) [8.2.3] 
 Creep (in the geosphere) [8.2.5] 
 Glaciation [10.2.2] 

Physical degradation of the auxiliary components directly affects the following FEPs: 

 Advection (in the tunnel backfill) [6.3.5] 
 Chemical degradation [7.2.1] 
 Transport through the auxiliary components [7.3.1] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
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7.2.3 Freezing and thawing 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Freezing 7.2.2 

General description: 

The likelihood and consequence of freezing and thawing of the auxiliary components 
depend on their depth. The annual (seasonal) development of frost and ice can be 
disregarded in this context because it affects the ground to a maximum depth of around 
1 m. Development of much deeper permafrost will occur only in response to future 
climatic evolution [10.2.3] when the maximum depth of permafrost development at 
Olkiluoto is predicted to be between 200 and 300 m (Hartikainen 2012).  

Permafrost is not, therefore, likely to penetrate down to the deposition tunnels under any 
foreseeable conditions, but it may impact on the auxiliary components in the upper parts 
of the facility, such as the concrete plugs and seals located in the top parts of the access 
tunnel, shafts and boreholes. The formation of permafrost [10.2.3] and then thawing 
during temperate periods is a significant process that may affect the isolation capacity of 
these auxiliary components. Freezing of concrete by permafrost in the upper part of the 
repository system can cause considerable mechanical damage because the water 
contained within its pore spaces will expand during freezing, producing an internal 
pressure. If the pressure exceeds the tensile strength of the concrete, the pore spaces will 
dilate and rupture.  

The cumulative effect of successive annual (seasonal) freeze-thaw cycles can also cause 
progressive expansion and cracking, scaling and crumbling of the near-surface concrete 
structures. It is the weakly bound porewater that is almost exclusively responsible for 
the mechanical disruption, rather than water bound within the cement minerals. As a 
consequence, the greater the water-filled porosity, the more damage is likely to occur 
(Dahmani et al. 2006).  

The deterioration of concrete associated with freezing has been very well studied and it 
has been concluded that it may take up to 30 freeze-thaw cycles to significantly 
diminish the strength of high performance concretes (Chatterji 2003). Frost damage in 
concrete has been shown to involve cement paste, aggregates, and the mineral and 
organic additives that comprise the structures (Pigeon & Pleau 1995). It should be noted 
that most of the reported studies on concrete damage due to freezing have been made on 
outdoor structures (e.g. Browne & Bamforth 1981) where the temperature variability in 
the atmosphere is much greater than will be experienced by the auxiliary components 
below ground, suggesting that the damage to such components will not be as severe. 

Laboratory studies of the concrete freezing mechanism have shown that the movement 
of the porewater within the concrete during freezing and thawing is enhanced in the 
aggregate-cement paste transition zone, which initiates and accelerates damage. 
Moderate additions of silica fume strengthen the microstructure of the cement paste-
aggregate interfacial transition zone and reduce overall damage (Cwirzen & Penttala 
2003). 

For the repository system, the cementitious plugs will be manufactured from standard 
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concrete in the upper parts of the repository system and from low-pH concrete at depth. 
Low pH concrete is characterised by high silica fume content and a very low porosity 
and, thus, these auxiliary components will be somewhat more resistant to freezing, but 
this is unlikely to be significant because permafrost will not extend down to the lower 
parts of the repository system. Nonetheless, it is probable that some mechanical failure 
may occur due to freezing and thawing in the upper parts. This will increase the bulk 
porosity and permeability of the concrete components and, therefore, potentially open 
pathways for enhanced radionuclide transport through the upper parts of the geosphere.  

Other consequences of freezing will be an increase in the concrete surface area that may 
be available for chemical degradation [7.2.1] and radionuclide sorption [7.3.1] after 
thawing, although only very small amounts of the more strongly sorbing nuclides are 
expected to migrate to the upper geosphere.  

Freezing and thawing may also affect the clay-based auxiliary components causing a 
loss in isolation capacity in the plugs. This mechanism is effectively the same as 
freezing of the tunnel backfill [6.2.8], although the freezing and thawing cycles for the 
uppermost plugs are likely to be more numerous.  

In addition to the concrete plugs, preliminary closure plans for the repository system 
may include rock boulders in the top most parts of the repository to prevent inadvertent 
intrusion (Posiva 2009). Freeze-thaw cycles may also cause deterioration of these 
boulders and lead to a change in the grain size distribution, but this mechanism is not 
likely to be significant in terms of repository performance.  

Freezing of the uppermost parts of the facility and the auxiliary components present 
there may give rise to frost heave. This process may be avoided or minimised if the 
materials chosen for construction take into account frost susceptibility. Freezing and 
thawing may also cause changes in the groundwater composition which may have an 
effect on the degradation processes. 

Overall, freezing and thawing of the auxiliary components is influenced by the 
following features of the repository system. 

 Temperature: is the primary control on the process, and this is directly related to 
climate evolution. 

 Pressure: affects the depth at which freezing and thawing may occur. 

 Repository geometry: the location (depth) and size of the auxiliary components will 
affect the amount of damage due to freezing and its impact on the hydraulic 
performance. 

 Material composition: particularly the water content and particle size is significant 
for a material’s resistance to damage during freezing. 

 Groundwater composition: in particular, salinity will affect the temperature at which 
freezing of water will occur. 

Uncertainties in the understanding of the FEP: 

The effect of multiple freezing and thawing cycles on the structural materials has not 
been studied under repository conditions. Most data relate to studies on outdoor freeze-
thaw cycles. The available data mostly relate to conventional cementitious materials, 
and there is limited information on the impact of freezing on the high performance 
cementitious materials that will be used in the disposal facility. 

There is some uncertainty regarding the actual maximum depth that permafrost can 
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reach in the geosphere and the number of the freeze-thaw cycles that will occur, 
although it is known with some confidence that permafrost cannot penetrate to the 
depths of the deposition tunnels. 

Couplings to other FEPs: 

Freezing and thawing of the auxiliary components is directly affected by the following 
FEPs: 

 Permafrost formation [10.2.3] 

Freezing and thawing of the auxiliary components directly affects the following FEPs: 

 Advection (in the tunnel backfill) [6.3.5] 
 Chemical degradation [7.2.1] 
 Physical degradation [7.2.2] 
 Transport through the auxiliary components [7.3.1] 
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7.3 Migration FEPs 

There are a number of mechanisms that may control the transport of radionuclides and 
other substances through auxiliary components, and these may change as they become 
degraded.  
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7.3.1 Transport through auxiliary components 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None 3.3.2 

General description: 

The primary purpose of the auxiliary components is to act as a barrier to groundwater 
flow along tunnels and boreholes to prevent them from becoming pathways for rapid 
release of radionuclides to the surface. Progressive chemical [7.2.1] and physical [7.2.2] 
degradation of the auxiliary components may affect their barrier function.  

Advection and diffusion 

In general, the auxiliary components are designed to have low hydraulic conductivities, 
so that advection through them should not be possible unless they are degraded. As a 
consequence, transport across the auxiliary components will be predominantly by 
diffusion. Diffusion is an important process for cementitious auxiliary components for 
two main reasons: 

 it affects the transport of substances that may cause degradation, such as chloride 
and sulphate; and 

 it affects the migration of radionuclides through the components. 

Diffusion is relevant for all time frames. In the long term, degradation of the 
cementitious auxiliary components causes changes in the hydraulic conditions that may 
lead to advection becoming the principal transport process. The significance of diffusion 
in auxiliary materials for repository performance is largely dependent on the amount of 
these materials used for construction and closure. 

In principle, diffusion through the cementitious auxiliary components is the same as 
diffusion in other materials, such as in the tunnel backfill [6.3.4], and follows Fick’s law 
of diffusive transport in porous media. 

In the context of cementitious materials, diffusion has mostly been studied and 
modelled to estimate concrete durability (e.g. Bentz et al. 1997, Marchand et al. 2002). 
Concrete is a three-phase system consisting of aggregates, bulk cement paste and an 
interfacial transition zone cement paste. The cement paste surrounding each aggregate is 
characterised by a high porosity and, therefore, aggregate size directly affects the total 
porosity via the interfacial transition zone volume. Studies show that the concrete 
diffusivity depends on the water-cement ratio, the degree of hydration and the aggregate 
volume fraction (Bentz et al. 1998).  

Most studies have examined Ordinary Portland Cement (OPC) and not the concretes 
that will be used in the disposal facility. The low-pH cementitious materials planned to 
be used at depth in the repository are characterised by high silica fume content and very 
low porosity and, therefore, have a different internal structure to OPC.  

Studies that have been performed on high silica fume concretes have shown that the 
silica has a significant effect on diffusivity. The addition of 10 % of silica fume to 
achieve a water-cement ratio of 0.3 reduces diffusivity of chloride by a factor of 15 or 
more, increasing the durability of the concrete (Bentz et al. 2000). Due to the extremely 
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fine pore structure, the relative effects of the different parameters on diffusion depend 
on the specific diffusing species. 

Some diffusivity data for radionuclides in cementitious materials (mostly concrete) are 
available, for example 10-11 to 10-15 m2/s for iodine and 10-12–10-14 m2/s for rhenium in 
concrete containing 4 % fly ash (Wellman et al. 2006). Other studies have investigated 
the diffusion of Cs, Am and Pu in concrete and found that the diffusivity for Cs was in 
the range of 10-12 to 10-13 m2/s but no movement could be measured for Am and Pu 
(Albinsson et al. 1996). 

Most radionuclide diffusivity data have been derived for LLW and ILW repositories 
that will be backfilled with very large volumes of a lime-based grout (e.g. Johnston & 
Wilmot 1992). It is not clear that these data are directly applicable to the KBS-3 
repository design that uses comparatively small and localised volumes of low-pH 
cement-based materials. 

The porosity and diffusivity of the concrete will affect the surface area accessible for 
radionuclide sorption, although only very small amounts of more highly sorbing 
nuclides are expected to migrate to the upper geosphere. 

Advective conditions may form in the cementitious structures in the long term due to 
their progressive chemical [7.2.1] and physical [7.2.2] degradation. Diffusion through 
the clay-based auxiliary components will be effectively the same as diffusion through 
the tunnel backfill [6.3.4] and may be enhanced due to piping and erosion [6.2.3]. One 
distinct process that may have a significant effect on groundwater flow is settlement of 
the materials used to backfill the vertical shafts, which has to be taken into account in 
the overall design. 

Sorption 

Sorption on cementitious auxiliary components may be a significant process for 
repository performance because it may retard radionuclide transport or enhance 
transport if radionuclides sorb onto mobile colloids. Calcium aluminates and calcium 
silicate hydrates in cement provide efficient sorption sites. Other components in the 
cement may also sorb radionuclides, but the extent and mechanisms are not well 
established (Cocke & Mollah 1993).  

The sorption of radionuclides on cementitious materials is quantified by the distribution 
ratio (Kd) between the quantity of a radionuclide sorbed per unit mass of cement and the 
equilibrium concentration of the radionuclide in the porewater. There is a considerable 
body of sorption data that has been derived for LLW and ILW repositories that will be 
backfilled with very large volumes of a lime-based grout. The most recent data for 
safety relevant radionuclides have been derived for the planned Swiss ILW repository in 
Opalinus Clay, and take account of the different phases in the degradation of cement-
based concrete or grout and the resulting degradation products (Wieland & van Loon 
2002). The sorption behaviour of anions in cementitious systems has been less studied 
because these radionuclides are more mobile than cations. Organic ligands may compete 
with anionic radionuclide uptake (Pointeau et al. 2008). 

There are relatively few radionuclide sorption data that are directly relevant to the low-
pH cement-based materials that will be used at depth in the KBS-3 repository, but some 
analogue data are available from studies on colloidal silica which is used as an injection 
grout in geotechnical engineering projects (Hölttä & Hakanen 2008). These studies 
show that Eu sorption onto silica colloids is strongly dependent on pH (Hölttä et al. 
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2009, p. 25). The significance of sorption onto cementitious auxiliary components is, 
however, limited by the relatively small volume of cement in the KBS-3 repository 
design and the fact that only poorly-sorbing radionuclides are anticipated to migrate 
beyond the buffer (e.g. I-129, Tc-99). 

Sorption onto the clay-based auxiliary components is effectively the same as sorption in 
the tunnel backfill [6.3.3], although any differences in material composition will need to 
be taken into account. 

Colloid transport 

Colloids may form during chemical or physical degradation of the auxiliary components 
and this may be a significant process because radionuclide transport in the geosphere 
could be either enhanced or retarded by association with colloids [8.3.8]. 
Hydrogeochemical conditions in the disposal facility will constrain the significance of 
colloid-mediated radionuclide transport through their influence on colloid populations 
and stability, radionuclide sorption and mobility. 

A compilation of data on near-field cementitious colloids from laboratory and in-situ 
experiments and natural analogues shows that the colloidal populations varied over 
several orders of magnitude (Alexander & Moeri 2003). The highest populations 
(107 colloids/mL) were observed at the site of the Maqarin natural analogue study and 
the lowest in laboratory batch studies using crushed OPC (103 colloids/mL). 

Overall, transport through auxiliary components is influenced by the following features 
of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for transport 
through the auxiliary components. 

 Temperature: is a control on diffusion rates but at the temperatures expected, this 
may not be a significant effect at depth. 

 Repository geometry: the size and shape of the different auxiliary components 
affects the transport across them as well as the transport of substances within the 
repository system. 

 Material composition: the composition of the cementitious and clay-based auxiliary 
components and their degradation products influences diffusion and sorption 
processes. Material composition also affects the availability of soluble substances.  

 Groundwater composition: the composition of the natural groundwater affects the 
solubility and speciation of radionuclides, and their transport processes as well as 
the solubility of the auxiliary components and their chemical equilibration 
processes. 

Uncertainties in the understanding of the FEP: 

The radionuclide transport characteristics of the materials used for the auxiliary 
components, especially low-pH cementitious materials, are less well understood than for 
conventional materials. In the case of degraded concrete, the data are very limited, but 
the significance of this should be low because of the small volume and limited 
distribution of cementitious materials in the repository system. There is also a lack of 
data regarding sorption mechanisms and rates for low-pH cement-based materials. 

There are uncertainties regarding the mechanisms and rates of colloid formation due to 
the degradation of cementitious auxiliary components. The interactions between natural 
colloids and those formed from the bentonite and degradation of cementitious 
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components are unclear (Hölttä et al. 2009). 

Couplings to other FEPs: 

Transport through auxiliary components is directly affected by the following FEPs: 

 Water uptake and swelling (in the tunnel backfill) [6.2.2] 
 Chemical degradation [7.2.1] 
 Physical degradation [7.2.2] 
 Freezing and thawing [7.2.3] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
Transport through auxiliary components directly affects the following FEPs: 

 Advection (in the tunnel backfill) [6.3.5] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
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8 GEOSPHERE 

8.1 Description 

The geosphere is defined here as the volume of rock that hosts the disposal facility and, 
in simple terms, comprises: 

 the solid rock matrix and its constituent minerals;  

 the various fractures and deformation zones, and other discontinuities that divide 
the rock mass into discrete blocks or zones; and 

 the groundwater contained in the matrix pores and the fractures.  

The boundary between the geosphere and the biosphere is the geosphere-biosphere 
interface: although commonly referred to as an ‘interface’ this boundary is, in reality, a 
zone characterised by changing physico-chemical characteristics with depth. Many 
processes in the upper geosphere are coupled with processes in the biosphere across the 
interface, such as groundwater flow and advective transport [8.3.5] which is coupled 
with groundwater recharge and discharge [9.2.7]. 

The geosphere at Olkiluoto has been characterised to confirm its suitability as a host for 
the proposed spent nuclear fuel repository, and to provide information for the safety 
case and technical design. The understanding of the present state and past evolution of 
the Olkiluoto site is described in a series of Olkiluoto site description reports. The most 
recent Site Description report presents the site’s geology, rock mechanics, surface 
hydrology, hydrogeology and solute transport properties. The likely future evolution of 
the site has been reported by Pastina & Hellä (2006), and is updated in Formulation of 
Radionuclide Release Scenarios and Performance Assessment. 

The crystalline bedrock of Finland is a part of the Precambrian Fennoscandian Shield, 
which, in south-western Finland, consists mainly of Early Palaeoproterozoic 
metamorphic and igneous rocks, belonging to the Svecofennian Domain. This domain 
developed between 1930 Ma and 1800 Ma ago, either during one long Svecofennian 
orogeny, or during several, separate orogenies. The rocks of Olkiluoto can be divided 
into two major classes (Aaltonen et al. 2010). The first are supracrustal high-grade 
metamorphic rocks including various migmatitic gneisses, tonalitic-granodioritic-
granitic gneisses, mica gneisses, quartz gneisses, and mafic gneisses. The second are 
igneous rocks including pegmatitic granites and diabase dykes. The metamorphic 
supracrustal rocks have been subjected to polyphase ductile deformation producing 
thrust-related folding, strong migmatisation and pervasive foliation. The most important 
rock forming minerals in the Olkiluoto rocks are quartz, potassium feldspar, plagioclase, 
biotite (± other micas) and hornblende (± other amphiboles). 

The bedrock at Olkiluoto has been subject to extensive hydrothermal alteration 
processes, which are estimated to have taken place at temperatures from slightly over 
300 °C down to 50 °C (Gehör et al. 2002). Based on the grade of alteration, two 
different types of hydrothermal alteration can be distinguished: a fracture-controlled 
type and a pervasive (or disseminated) type. The fracture-controlled alteration indicates 
that hydrothermal fluids have passed through the rock along planar features, with the 
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alteration being restricted to incipient fractures or narrow zones adjacent to them. The 
pervasive alteration indicates the strongest type of alteration that occurs as spots or is 
finely disseminated throughout the rock and in the fracture fillings. Three main 
hydrothermal alteration types have been identified at Olkiluoto: (i) clay mineral 
formation, which has two main subtypes; illitisation and kaolinisation, (ii) 
sulphidisation, and (iii) carbonatisation. 

The fault zones at Olkiluoto are mainly SE-dipping thrust faults formed during 
contraction in the latest stages of the Fennian orogeny, approximately 1800 Ma ago, and 
were reactivated in several deformation phases. In addition, NE-SW striking strike-slip 
faults are also common. The occurrence of fracturing varies between different rock 
domains, but the following three fracture sets are typical for the site (i) east-west 
striking fractures with generally subvertical dips to both the north and south, (ii) north-
south striking fractures with generally subvertical dips to both the east and the west and 
(iii) moderately-dipping to gently-dipping fractures with strikes that are generally 
subparallel to the aggregate foliation directions in a particular fracture domain. 

The strength and deformation properties of the intact rock, as well as its thermal 
properties, depend essentially on the intact rock’s mineral composition and structure. 
The heterogeneity of the rock properties at Olkiluoto is, therefore, reflected in the 
variation of the thermal and rock mechanics properties and seen e.g. in the anisotropic 
thermal properties due to foliation and gneissic banding. In Fennoscandia, the 
orientation of the major principal stress is attributed to an E-W compression from the 
mid-Atlantic ridge push and a N-S compression from the Alpine margin, resulting in a 
roughly NW-SE orientation of the major principal stress (Heidbach et al. 2008). This is 
also supported by the regional in situ data from Olkiluoto and other Finnish sites studied 
during the site selection programme. Changes in isostatic load due to glaciations and 
related isostatic adjustment and the existence of the brittle deformation zones change the 
stress regime at the site. Currently, a thrust faulting stress regime is present, i.e. the 
horizontal stresses are larger than the vertical stress, H>h>v and the principal stresses 
are approximately oriented horizontally and vertically, respectively. The orientation of 
H at the site is found to vary slightly with depth and at the repository depth be in the 
range NW-SE and E-W. The vertical stress is generally close to that expected due to the 
weight of the overlying rock. The rock stresses increase with increasing depth and, at 
repository depth, the stress magnitudes based on in situ stress data are approximately H 
= 25 MPa, h = 13 MPa and v = 11 MPa (Site Description, Table 5-2).  

In the crystalline bedrock at Olkiluoto, groundwater flow takes place in hydraulically 
active deformation zones (hydrogeological zones) and fractures. The larger-scale 
hydrogeological zones, which are related to brittle deformation zones, carry most of the 
volumetric water flow rate in the deep bedrock. There is a general decrease of 
transmissivity of both fractures and the hydrogeological zones with depth. Under natural 
conditions, groundwater flow at Olkiluoto occurs mainly as a response to freshwater 
infiltration dependent on the topography, although salinity (density) variation driven 
flow also takes place to a lesser extent. The porewater within the rock matrix is stagnant 
but exchanges solutes by diffusion with the flowing groundwater in the fractures.  
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The distribution of the groundwater types is the result of progressive mixing of 
groundwaters and the slow interaction between the groundwater, porewater and the 
minerals of the rocks (see Figure 8-1 and Site Description). The groundwater 
composition is also affected by microbial activity. Water-rock interactions, such as 
carbon and sulphur cycling and silicate reactions, buffer the pH and redox conditions 
and stabilise the groundwater chemistry.  

 

 

Figure 8-1. Illustrative hydrogeochemical site model of baseline groundwater 
conditions with the main water-rock interactions at Olkiluoto. Changes in colour 
indicate alterations in water type. The hydrogeologically most significant zones are 
represented. Blue arrows represent flow directions. Rounded rectangles contain the 
main sources and sinks affecting pH and redox conditions. Enhanced chemical 
reactions dominate the infiltration zone at shallow depths, and at the interface between 
Na-Cl-SO4 and Na-Cl groundwater types. The illustration depicts hydrogeochemical 
conditions in the water-conductive fracture system, not in the diffusion-dominated rock 
matrix (Site Description, Ch. 7). 
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Weathering processes during infiltration play a major role in determining the shallow 
groundwater composition. Pyrite and other iron sulphides are common in water 
conducting fractures throughout the investigated depth zone indicating a strong 
lithological buffer against oxic waters over geological time scales. Groundwaters, in the 
range down to 300 m depth show indications of having been affected by infiltrating 
waters of glacial, marine and meteoric origin during the alternating periods of 
glaciations and interglacials during the Quaternary. On the other hand, these indications 
are absent in fracture groundwaters below 300 m, implying that these groundwaters are 
older. 

The current fracture groundwater is characterised by a significant, depth dependent 
variation of salinity (see Figure 3-3). 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. The matrix porewaters 
seem to be in equilibrium with the fracture groundwaters in the upper part of the 
bedrock (0−150 m), suggesting similar origin and strong interaction between 
groundwater in fractures and matrix at these depths. At deeper levels (150−500 m), the 
matrix porewater is less saline and increasingly enriched in δ18O; this has been 
interpreted to represent fresh water conditions during a warm climate, probably during 
the preglacial Tertiary period (Posiva 2009).  

A Rock Suitability Classification (RSC) system has been developed to be applied for 
the repository layout, defining suitable rock volumes for repository panels, assessing 
whether deposition tunnels or sections of them are suitable for deposition holes and 
deciding on whether a deposition hole is acceptable for disposal. The classification 
system aims to locate the deposition holes in such a way that the surrounding host rock 
favours the long-term performance of the engineered barriers and contributes to the 
retardation of any radionuclides released in the event of canister failure (Hellä et al. 
2009, McEwen et al. 2012).  

In defining the repository panels, those deformation zones that are classified as layout 
determining features (LDFs) are avoided together with the surrounding rock volumes 
affected by those zones, referred to as the ‘respect volumes’. LDFs are large 
deformation zones that form the main groundwater flow routes or are large enough to be 
the location of significant (post-glacial) earthquakes that could lead to canister failure 
either by rock shear in the zone or its respect volume, or by secondary rock shear 
movements on large fractures intersecting the deposition holes. An example of a 
repository layout that is adapted to LDFs is shown in Figure 8-2. 

8.1.1 Long-term safety and performance 

The long-term safety requirements for the geosphere are that the characteristics of the 
host rock, and the depth of the repository, are selected in such a way as to make it 
possible for the engineered barriers to fulfil their containment function. 
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Figure 8-2. An example layout adaption for a repository hosting 9000 tU of spent 
nuclear fuel used in the TURVA-2012 safety case. The dark grey areas are not suitable 
for deposition tunnels according to the RSC because they are intersected by layout 
determining features (LDFs) and their respect volumes. Red ovals denote respect 
distances to boreholes, of about 15 m at repository depth. From Saanio et al. (2012).  
 
 
The safety functions assigned to the host rock are 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. 

 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. 

It is intended that the host rock shall, with the exception of incidental deviations, retain 
its favourable properties over hundreds of thousands of years (Design Basis). 

As described above, Rock Suitability Classification (RSC) criteria are defined for the 
deposition tunnels and deposition holes so that favourable conditions prevail in the 
vicinity of the deposition holes at the time of canister emplacement and also in the long 
term. These favourable conditions are achieved at the selected repository depth, by 
avoiding LDFs and their associated respect volumes when locating the repository panels 
and by avoiding other deformation zones, flowing features and fractures with large 
extent when locating the deposition holes. As a consequence, the potential impact of 
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processes and events related to external climate evolution, such as intrusion of dilute 
glacial meltwaters or shear displacement caused by post-glacial faulting, is minimised.  

The mechanical and thermal properties of the host rock will also be taken into account 
when defining the orientation, shape and separation distance between the underground 
openings, to minimise any damage to the host rock and to control the near-field 
temperature. Due to natural variations in rock properties, it is not possible completely to 
exclude unfavourable conditions near a few deposition holes at the time of emplacement 
or for unfavourable conditions to develop in the future. Nonetheless, the use of the RSC 
system is intended to minimise the probability and consequence of unfavourable 
conditions occurring.  

The impact of the repository on the geosphere will be most pronounced during 
operations and in the first few hundred to a few thousand years after closure, when the 
hydraulic and thermal gradients are at their greatest. The most significant impacts on the 
geosphere due to external processes will be related to climate evolution. Although the 
timing and duration of the different phases of climate evolution is uncertain, several 
repeated phases of temperate, permafrost and glacial periods are expected over the next 
120,000 years. The current interglacial period is expected to last at least up to 50,000 
years AP (Pimenoff et al. 2011).  

8.1.2 Overview of the potentially significant FEPs 

There are a number of processes that are considered to be significant for the long-term 
safety performance of the geosphere that relate to system evolution and to the migration 
of radionuclides and other substances.  

Processes related to system evolution are: 

8.2.1  Heat transfer 

8.2.2  Stress redistribution  

8.2.3  Reactivation-displacements along existing fractures 

8.2.4  Spalling 

8.2.5  Creep 

8.2.6  Erosion and sedimentation in fractures 

8.2.7  Rock-water interaction 

8.2.8  Methane hydrate formation 

8.2.9  Salt exclusion 

8.2.10 Microbial activity  

Processes related to the migration of radionuclides and other substances are: 

8.3.1  Aqueous solubility and speciation 

8.3.2  Precipitation and co-precipitation 

8.3.3  Sorption  

8.3.4  Diffusion and matrix diffusion 
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8.3.5  Groundwater flow and advective transport  

8.3.6  Colloid transport  

8.3.7  Gas transport 

 
These processes are each potentially affected by a number of features of the repository 
system that can influence the occurrence, rate, activity and potential couplings between 
the processes. These features relate either to aspects of the design of the repository or to 
characteristics of the geosphere that might be time-dependent during the repository 
lifetime. The most significant features are: 

 Radionuclide inventory 

 Temperature 

 Groundwater pressure 

 Groundwater flux 

 Rock stress 

 Repository geometry 

 Fracture geometry 

 Rock matrix properties  

 Fracture properties 

 Groundwater composition 

 Gas composition. 

 
The possible influences of these features on the processes considered to be significant 
for long-term performance of the geosphere are described in each FEP description, and 
are summarised in Table 8-1.  

Many of the processes occurring within the geosphere are interdependent and directly 
coupled to each other. For example, the reactivation of an existing fracture [8.2.3] will 
directly affect groundwater flow and advective transport through the geosphere [8.3.5]. 
The direct couplings are listed in each FEP description, and are summarised in the 
matrix shown in Table 8-2.  

Similarly, due to the complex interactions between the various parts of the disposal 
system, the evolution of the geosphere can influence (or be influenced by) processes 
occurring in other parts of the repository system through interactions between various 
processes. For example, groundwater flow and advective transport in the geosphere 
[8.3.5] interacts with groundwater discharge and recharge in the surface environment 
[9.2.7]. The interactions between the geosphere and other components of the disposal 
system are summarised in Table 8-3. 
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Table 8-1. The possible influences of features of the disposal system on the processes considered to be significant for the long-term 
performance of the geosphere (marked with Y). These influences and couplings are discussed in more detail in each FEP description. 
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Processes related to system evolution:   

8.2.1  Heat transfer Y Y Y Y Y  

8.2.2  Stress redistribution Y  Y Y Y  

8.2.3  Reactivation-displacements of existing fractures  Y Y Y Y  

8.2.4  Spalling Y  Y Y Y  

8.2.5  Creep Y  Y Y Y  

8.2.6  Erosion and sedimentation in fractures Y Y Y Y  

8.2.7  Rock-water interaction Y Y Y Y Y  

8.2.8  Methane hydrate formation Y Y  Y  

8.2.9  Salt exclusion Y  Y  

8.2.10  Microbial activity Y Y Y Y Y 

Processes related to the migration of radionuclides and other substances: 

8.3.1  Aqueous solubility and speciation Y Y Y Y Y Y Y Y 

8.3.2  Precipitation and co-precipitation Y Y Y Y Y Y Y Y 

8.3.3  Sorption Y Y Y Y Y Y  

8.3.4  Diffusion and matrix diffusion Y Y Y Y Y Y  

8.3.5  Groundwater flow and advective transport Y Y Y Y Y Y Y Y Y 

8.3.6  Colloid transport Y Y Y Y Y Y  

8.3.7  Gas transport Y Y Y Y Y Y Y 
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Table 8-2. Possible couplings between FEPs within the geosphere considered significant for the long-term performance of the disposal 
system. The numbers on the leading diagonal refer to the FEPs listed in Section 8.1.2. As an example of how to read this table, the blue 
coloured square means that “Reactivation-displacements along existing fractures” [8.2.3] directly affects “Groundwater flow and advective 
transport” [8.3.5]. 

8.2.1 X  X X  X   X     X   

 8.2.2 X X X          X   

  8.2.3   X        X X   

 
 

X  8.2.4            
 

 

 
 

  X 8.2.5          X 
 

 

 
 

    8.2.6 X       X X X  

 
 

    X 8.2.7 X   X X X X X X X 

       8.2.8   X X   X  X 

 
 

       8.2.9  X X    
 

 

 
 

     X   8.2.10 X X X   X  

 
 

         8.3.1 X X  X X X 

 
 

         X 8.3.2 X X X X  

 
 

          X 8.3.3   X  

 
 

           X 8.3.4 X X  

X     X X X X X X X X X 8.3.5 X X 

          X     8.3.6  

              X X 8.3.7 
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Table 8-3. Interaction matrix for the geosphere. FEPs in italics are addressed in other chapters. A short name for some of the FEPs is used in 
the table: Diffusion (Diffusion and matrix diffusion), Precipitation (Precipitation and co-precipitation), Erosion & sedimentation (Erosion and 
sedimentation in fractures), GW flow (Groundwater flow and advective transport). 
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8.2 System evolution FEPs 

Various thermal, chemical, hydraulic and mechanical processes (and their couplings) 
will affect the evolution of the geosphere. The nature and significance of some of these 
processes will vary with depth and with time. In turn, these processes can affect the 
performance of the engineered barriers and the migration behaviour of radionuclides 
and other substances in the geosphere (Section 8.3). The following descriptions 
summarise each of these processes and the effects of the different variables on them. 
The couplings of these FEPs with other FEPs are thus indicated, but the consequences 
of the interaction or combinations of these interactions are discussed in detail in 
Performance Assessment. 

8.2.1 Heat transfer 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 8.2.1 

General description: 

Significant amounts of thermal energy will be generated by the spent nuclear fuel 
(radiogenic heat) [3.2.2] and this will be transferred through the canister [4.2.2] and the 
buffer [5.2.1] to the geosphere. Some heat will also be transferred to the geosphere 
through the tunnel backfill [6.2.1]. This radiogenic heat will then be transferred 
outwards from the near field, through the geosphere, by a combination of conduction in 
the solid rock and advection in groundwater flowing through fractures [8.3.5].  

The rates of heat conduction and convection in the geosphere are dependent on the 
thermal properties of the rock/groundwater system. These thermal properties depend 
mainly on the mineral composition of the rock and also on the temperature. In transient 
heat transfer by conduction, diffusivity is the most important thermal parameter, and is a 
function of thermal conductivity, specific heat capacity and the bulk density of the rock 
mass. 

The temperature at any given time and place in the geosphere will be controlled by the 
heat balance, which in turn will be affected by the natural geothermal gradient, the 
ambient surface temperature and radiogenic heat generation. The natural geothermal 
gradient at Olkiluoto is currently nearly constant at 1.5 °C/100 m (Site Description, 
Section 2.5.6), whereas the surface temperature is largely controlled by the prevailing 
climatic conditions, which will evolve with time [10.2.1]. Changing surface temperature 
conditions affect the gradient correspondingly. 

The maximum temperature in the geosphere will occur in the near-field rock adjacent to 
the buffer soon after backfilling of the disposal facility, approximately 50–120 years 
after starting the disposal operations. The maximum temperature is dependent on the 
heat generation in the spent nuclear fuel [3.2.2], and the spacing between the canisters 
and deposition tunnels (Ikonen & Raiko 2012). For the reference repository design, the 
maximum temperature at the buffer/rock interface will be approximately 65 °C, which 
is about 55 °C above the ambient temperature of the rock. The temperature in the near-
field rock will remain above the ambient temperature at the repository level for 



308 

 

 

thousands of years. After about 20,000 years, the temperature in the near-field rock will 
be less than 5 °C above the natural rock temperature, and the geothermal gradient will 
again mainly control the temperature in the geosphere. 

Heat generation in the spent nuclear fuel will decrease over time and will effectively 
cease after about 50,000 years (Raiko 2012). Transfer of radiogenic heat in the 
geosphere is, thus, of most significance during the early thermal phase of repository 
evolution. 

The early thermal peak will cause the near-field rock to expand and may result in 
thermal spalling [8.2.4]. Temperatures in the geosphere will always be lower than in the 
engineered barriers, largely because of the large volume of rock into which thermal 
energy is dissipated and the low thermal conductivity of the buffer with respect to the 
rock. 

The lowest temperatures in the geosphere will occur close to the surface, in response to 
the surface temperatures during future glacial cycles [10.2.1] when permafrost forms 
[10.2.3]. 

Overall, heat transfer in the geosphere is influenced by the following features of the 
repository system.  

 Radionuclide inventory: controls the radiogenic heat output from the spent nuclear 
fuel. 

 Temperature: conductive heat flow is proportional to the thermal gradient at any 
point in time caused by natural thermal boundary conditions and heat generation in 
the spent nuclear fuel. 

 Groundwater flux: controls the generally minor proportion of heat transfer that 
occurs by advection through the fracture network.  

 Repository geometry: in particular the depth that controls the natural, ambient 
temperature and the heat source distribution according to the repository layout. 

 Rock matrix properties: the mineralogy and foliation control the thermal properties 
of the bulk rock. 

Uncertainties in the understanding of the FEP: 

The heat transfer process and the factors affecting it are well understood. There is 
generally high confidence in the thermal data (Site Description). Thermal properties are 
mainly measured in the laboratory on small-scale samples (Kukkonen et al. 2011) but 
additional in-situ data are obtained from in-situ measurements (Kukkonen et al. 2005), 
which provide data on the relevant metre scale. Current results suggest reasonable 
agreement between these larger-scale data and the upscaled laboratory data, thereby 
enhancing confidence in the upscaling. 

There are, however, uncertainties in the temperature estimates due to spatial variation of 
the thermal properties of the host rock, uncertainties in climatic evolution and 
uncertainties regarding how the sequence of canister deposition in time and space will 
influence the near-field rock temperatures in the first decades after deposition. 

Uncertainties in the early evolution of the rock temperature affect mainly the estimates 
of rock spalling, which depend on the rock mechanics properties as well. 
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Couplings to other FEPs: 

Heat transfer in the geosphere is directly affected by the following FEPs: 

 Heat transfer (in the buffer) [5.2.1]  
 Heat transfer (in the tunnel backfill) [6.2.1] 
 Groundwater flow and advective transport [8.3.5] 

Heat transfer in the geosphere directly affects the following FEPs:  

 Heat transfer (in the buffer) [5.2.1] 
 Heat transfer (in the tunnel backfill) [6.2.1] 
 Stress redistribution [8.2.2] 
 Reactivation-displacements along existing fractures [8.2.3] 
 Spalling [8.2.4] 
 Creep [8.2.5] 
 Rock-water interaction [8.2.7] 
 Microbial activity [8.2.10] 
 Groundwater flow and advective transport [8.3.5] 
 Permafrost formation [10.2.3] 
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8.2.2 Stress redistribution 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Deformation; Stress readjustment 8.2.3 
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General description: 

Prior to excavation of the underground openings, the geosphere is initially in a pre-
stressed state due to the regional tectonic and gravitational stresses, and residual stress 
from the last period of ice loading (Site Description). When an excavation is made in 
the rock (e.g. access tunnel, deposition tunnel, deposition hole), the stresses will be 
locally realigned to become parallel and perpendicular to the excavation surfaces, 
causing corresponding changes in the magnitude of the stresses (Andersson et al. 2007, 
p. 96).  

Stress redistribution will occur almost immediately after excavation but could 
subsequently be affected by other tunnel excavations nearby. Small changes in the stress 
distributions are possible during the entire programme of excavation of underground 
openings and operations (over decades).  

Stress redistribution is also possible in the post-closure period due to thermal expansion 
of the rock caused by the thermal gradient [8.2.1] and due to the swelling pressure of 
bentonite in the buffer [5.2.2] and the tunnel backfill [6.2.2]. Land uplift [10.2.4] and 
glaciation [10.2.2] will also cause changes in the stress state and, hence, the stress 
distribution, and may also affect the fracture network (Hökmark et al. 2010, Valli et al. 
2011, p. 38). 

As a result of the stress redistribution, high stresses may develop and different types of 
rock damage may take place. The possibility and extent of the damage depends on the 
rock strength, which in turn is dependent on the rock type and rock structure (e.g. 
foliation). In the immediate vicinity of the excavation (due to blasting and stress 
concentration), an excavation damaged zone (EDZ) will be created that is characterised 
by irreversible structural changes to the rock, such as the formation of microcracks. 
Stress redistribution can result in spalling [8.2.4] and the formation of new fractures or, 
more likely, reactivation and displacement along existing fractures which may change 
the properties of the fractures [8.2.3]. Further away from the excavation, an excavation 
disturbed zone (EdZ) will be formed where less intensive changes may occur that are 
potentially reversible, such as elastic displacements.  

The extent of spalling, stress redistribution and the nature of the EDZ and EdZ will be 
influenced by the design of the repository and the geometry of the excavations. The 
orientation of the deposition holes and tunnels with respect to the orientation of the 
major principal stress will affect the resulting stress magnitudes. The excavation method 
will also influence the extent of the EDZ (Pastina & Hellä 2006, Mustonen et al. 2010). 
The tunnels will be constructed using the drill and blast method, whereas the shafts and 
deposition holes will be bored. Although, in general, drill and blast method produces a 
more pronounced EDZ than boring, by using controlled excavation in connection with 
the drill and blast method, the extent of the EDZ and the formation of continuous 
pathways can be reduced.  

Stress redistribution may cause the dilation of fractures and affect the groundwater flow 
paths in the near-field rock due to changes in the extent and geometry of, and 
connections between, the hydraulically active fractures. This will, in turn, influence the 
rate of water uptake by the buffer [5.2.2] and the tunnel backfill [6.2.2]. After failure of 
the canister, the disturbances of the rock caused by stress redistribution (formation of 
EDZ or spalling) will influence the mass transfer between the near field and geosphere, 
and the migration of radionuclides in the near-field rock by groundwater flow and 
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advective transport [8.3.5] and matrix diffusion [8.3.4]. 

Overall, stress redistribution in the geosphere is influenced by the following features of 
the repository system. 

 Temperature: higher temperatures cause thermal expansion potentially resulting in 
spalling, whilst cooling may cause cracks and fractures. 

 Rock stress: the initial stress field in the rock is a primary control, subsequent events 
such as glaciation and deglaciation loading cycles will change the stress distribution. 

 Repository geometry: the design and geometry of the repository (including 
orientation, shape of the tunnels and tunnel spacing) is a primary control on stress 
redistribution in the near-field rock. 

 Fracture geometry: the geometry of the fractures influences the stress pattern in the 
rock; in particular the large-scale deformation zones may have effects on stress 
redistribution.  

Uncertainties in the understanding of the FEP: 

The stress redistribution process is well understood from modelling studies. There are 
some data uncertainties regarding the elastic and strength parameters of the rock at 
Olkiluoto and especially concerning the in-situ stress state related to the large scatter of 
the available data.  

The hydraulic properties of the EDZ and the impact of the EDZ on the groundwater 
flow are not yet fully understood. Based on the EDZ characterisation studies at 
ONKALO (Mustonen et al. 2010), it has been shown that blast-induced fracturing is 
likely to occur, whatever form of drill and blast system is employed, and that some of 
these fractures may be water-conducting. However, the studies also indicated that this 
blast-induced fracturing does not form a continuous, connected network over larger 
distances along the tunnel. 

Couplings to other FEPs: 

Stress redistribution in the geosphere is directly affected by the following FEPs: 

 Water uptake and swelling (in the buffer) [5.2.2] 
 Water uptake and swelling (in the tunnel backfill) [6.2.2] 
 Heat transfer [8.2.1] 
 Spalling [8.2.4] 
 Glaciation [10.2.2] 
 Land uplift and depression [10.2.4] 

Stress redistribution in the geosphere directly affects the following FEPs: 

 Physical degradation (of the auxiliary components) [7.2.2] 
 Reactivation-displacements along existing fractures [8.2.3] 
 Spalling [8.2.4] 
 Creep [8.2.5] 
 Groundwater flow and advective transport [8.3.5] 
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8.2.3 Reactivation-displacements along existing fractures 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 8.2.4 

General description: 

All deep rock, including the bedrock at Olkiluoto, contains physical discontinuities in 
the form of various kinds of fractures (e.g. joints and faults). These may have different 
geometries and spatial dimensions. Some of these discontinuities may be ‘open’, 
particularly in the near-surface zone, and serve as routes for groundwater flow and 
advective transport [8.3.5], whereas others may be ‘closed’ due to compressive stresses 
or ‘sealed’ by the precipitation of secondary, fracture-filling minerals. 

When there is a change in the stress pattern in the rock mass, causing stress 
redistribution [8.2.2], it is more likely that any displacement will occur along these pre-
existing discontinuities than that new fractures will form in intact rock. There are five, 
quite different types of processes that may occur in the near-field rock causing 
displacement (shear, closure and opening) and dilation in the pre-existing fractures in 
the rock. 

 Tectonically induced: these result from stresses accumulated from plate tectonic 
(Atlantic ridge push and Alpine collision) processes (Heidbach et al. 2008; Site 
Description). Due to the large distance of Finland from active plate margins, 
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however, this type of activity is of little relevance over the timescales of most 
importance to long-term safety (i.e. hundreds of thousands of years). 

 Excavation induced: the design and layout of the repository is based on Rock 
Suitability Classification criteria that are intended to avoid major geological features 
(see Section 8.1). There could, however, potentially be displacement along other 
more minor features due to the stress redistribution caused by the excavation of the 
repository and other underground openings [8.2.2]. 

 Thermally induced: heat generated from the waste canisters will change the stress 
distribution around the repository. This may cause shear displacements in the 
fractures and fracture zones and, hence, possible changes in fracture transmissivity. 
Such changes are, however, considered to be quite insignificant (Hökmark et al. 
2010, p. 92). 

 Seismically induced: seismic activity can cause changes in the pre-existing fractures 
and fracture zones. Seismic activity is, however, low in the Finnish bedrock (Site 
Description) and consequently reactivation during the current temperate climate is 
expected to remain very limited. More pronounced seismic activity may, however, 
be related to post-glacial faulting.  

 Glaciation induced: glacial cycles will substantially change the stress state in and 
around the repository due to changes in loading caused by the advance and retreat of 
an ice sheet [10.2.2], and this may cause reactivation of pre-existing features. The 
changes in stress state depend on the time-dependent ice load magnitude as well as 
on the elastic properties of the lithosphere and the viscoelastic properties of the 
mantle. Ice loading will increase the vertical loads in the rock mass and, thereby, 
induce differential horizontal loads. Deglaciation and the resulting differential 
stresses may cause dynamic effects in the geosphere and is the most likely cause of 
fault reactivation (Ojala et al. 2004). Non-dynamic stress changes may also need to 
be considered (Hökmark et al. 2010, Chapter 7). In addition, permafrost 
development [10.2.3] may cause dilation of fractures due to the expansion of water 
during freezing. 

Glacial loading and unloading is, therefore, judged to be the most likely cause of 
reactivation or displacement along existing fractures during the period of hundreds of 
thousands of years in which the long-term safety of the repository must be demonstrated 
[10.2.2].  

As a result of reactivation-displacements, the hydraulic properties of fractures may 
change and cause localised changes in the groundwater flow paths and their transport 
properties. Reactivation would also cause the groundwater in the fracture to be 
displaced. Such changes are, however, considered to be of limited importance because 
analyses have shown that the impact of stress changes and shear displacements on 
hydraulic properties of fractures is either negligible or very limited (Hökmark et al. 
2010). Larger reactivation-displacements are possible in connection with earthquakes, 
but the likelihood of large magnitude earthquakes is low at Olkiluoto (Saari 2012).  

The buffer and backfill in the deposition tunnels mitigate the effects of the 
displacements on the canister. In the worst case, displacement could cause disruption to 
a deposition hole and the included buffer, leading to mechanical failure of the canister. 
It has been shown that with the current design of the canister and buffer, the canister 
will not fail if the shear displacement is < 5 cm and the shear velocity is < 1 m/s (Raiko 



314 

 

 

et al. 2010). Furthermore, the probability of this process occurring is minimised by 
locating the tunnels and deposition holes away from deformation zones and large 
fractures. The likelihood of such a failure is also very low because the frequency of 
larger earthquakes at Olkiluoto is very low and because the seismically-induced fracture 
shear displacements at the Olkiluoto site would be very modest, rarely exceeding 5 mm 
for 75 m radius fractures that do not intersect the fault on which an earthquake occurs 
(Fälth & Hökmark 2011).  

Laboratory-scale experiments indicate that fracture transmissivities increase 
considerably after shear displacements of more than a couple of millimetres, although 
this increase is very sensitive to normal load variations (Hökmark et al. 2010, Section 
3.5.2). Shear displacements taking place under effective normal stresses higher than 
around 6–7 MPa are considered to cause negligible transmissivity increases (Hökmark 
et al. 2010). The effective normal stress is defined as the normal stress less the hydraulic 
pressure. Low normal stresses could exist only in the tunnel vicinity, e.g. at a distance 
of a few metres from the underground openings, although effective normal stresses will 
even then be larger than 6–7 MPa: typically 10 MPa or more. Shear displacements of 
the magnitudes produced in the laboratory, i.e. typically 5 mm and more, are only 
possible for very large fractures and only away from the fracture edges. Close to the 
edges, shear displacements are close to zero regardless of the fracture size (Hökmark et 
al. 2010, Section 3.5.2). 

Even if the displacements along fractures that intersect the deposition holes do not cause 
failure of the canister, they may cause deformation of the canister [4.2.3] or mass 
redistribution of the buffer [5.2.2] within the deposition hole. 

Overall, reactivation-displacements along existing fractures in the geosphere are 
influenced by the following features of the repository system. 

 Rock stress: the initial stress state of the rock is a key control. 

 Repository geometry: the design and geometry of the repository is a primary control 
on the potential for fracture reactivation-displacement in the near-field rock. 

 Fracture geometry: the geometry of the fractures influences how and where the 
excavations intersect the existing discontinuities. 

 Fracture properties: the fracture properties (e.g. fracture coating materials, 
roughness and mechanical properties) affect the response of fractures to loads. 

Uncertainties in the understanding of the FEP: 

The reactivation-displacement process is fairly well understood from modelling studies, 
but uncertainties exist concerning the exact mechanical loads and stresses that will 
result from future glaciations and how these will impact on existing discontinuities. 
There is also uncertainty concerning the mechanical properties of fracture zones.  

In addition, there is considerable uncertainty regarding the effect on flow properties of 
fractures or fracture zones due to reactivation-displacements and on resulting 
groundwater flow. The timing of future glacial cycles is also subject to considerable 
uncertainty. 

Although these uncertainties affect the assessment of the reactivation displacements, the 
impact of the uncertainties can be scoped by modelling using conservative assumptions 
and also reduced by repository design. The reactivation displacements, except for the 
seismically induced displacements in connection with large earthquakes, are limited and 
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are not expected to affect long-term safety. The likelihood of large earthquakes is low at 
Olkiluoto and the shear displacements of fractures around the repository are further 
reduced by locating the repository so that major deformation zones are avoided. 

Couplings to other FEPs: 

Reactivation-displacements along existing fractures in the geosphere are directly 
affected by the following FEPs: 

 Stress redistribution [8.2.2] 

Reactivation-displacements along existing fractures in the geosphere directly affect the 
following FEPs: 

 Deformation (of the canister) [4.2.3] 
 Physical degradation (of the auxiliary components) [7.2.2] 
 Erosion and sedimentation in fractures [8.2.6] 
 Diffusion and matrix diffusion [8.3.4] 
 Groundwater flow and advective transport [8.3.5] 
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8.2.4 Spalling 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Spalling of rock 8.2.5 

General description: 

Spalling is a common process of physical rock degradation that occurs at the surface of 
a rock excavation when there are large shear stresses under the rock surface. 

In the repository near-field environment, spalling is most likely to occur on the surfaces 
of the excavations when their geometry causes the stresses to be concentrated at 
localised areas of the exposed rock wall, and those stresses exceed the rock strength. 
The different rock types at Olkiluoto have slightly different strength properties, and so 
may respond to stress in different ways (Site Description). These stresses can result 
from thermal expansion due to heat transfer from the spent nuclear fuel [8.2.1] or to 
mechanical readjustment [8.2.2].  

The potential for rock spalling in the rock around the disposal facility will be greatest 
during the excavation and operational periods, when the rock mass responds to the 
substantial changes in stress caused by the excavation process. Heat transfer [8.2.1] 
from the emplaced canisters will cause additional thermal stresses and possibly induce 
spalling (‘thermal spalling’). Additional loads arising from glaciation/deglaciation can 
also contribute to spalling. The likelihood of spalling is, however, much reduced once 
the buffer and the tunnel backfill have reached their full swelling pressures [5.2.2], 
because this will reduce the stress gradients across the near field. 

There is a range of possible mechanical impacts of spalling, from slight cracking 
through to complete failure of the excavation. The mechanical impacts on the rock 
adjacent to the excavation due to spalling contribute to the evolution of the near-field 
rock characteristics. In-situ experiments at Olkiluoto have provided estimates of the 
likely changes of the rock properties in the near field due to spalling. Figure 8-3 
illustrates minor spalling on the wall of a test deposition hole at the Äspö Hard Rock 
Laboratory. Changes in the hydraulic characteristics and the possible formation of 
transport paths with enhanced transmissivity are of importance for the long-term safety. 

The likelihood of spalling taking place is controlled by the geometry of the pre-existing 
features in the rock (fractures, joints etc.), which can affect the local rock strength. 
Furthermore, the swelling pressure of the buffer and backfill will mitigate spalling 
because they will support the rock walls. In the KBS-3V repository, the parts of the 
excavations that will be most prone to spalling are (Hakala et al. 2008): 

 the upper parts of the deposition holes; 

 the central and access tunnels; 

 the mid-sections of the deposition holes; and  

 the deposition tunnels. 
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Figure 8-3. Example of spalling observed around a 1.8 m diameter borehole in the 
Äspö Pillar Stability Experiment. From Andersson (2005). 

 

The likelihood of spalling will be higher in weaker rock volumes, e.g. in mica rich 
layers and in highly fractured sections. During construction and operation of the 
disposal facility, some parts of the excavations will need to be supported to minimise 
the likelihood of spalling and to ensure operational safety. This is particularly the case 
for the central and access tunnels, which may remain open for a long period (up to about 
100 years) to allow for phased excavation and operation of the disposal facility. 
Consequently, these tunnels will be open during the initial stages of the thermal phase. 

Overall, spalling is influenced by the following features of the repository system. 

 Temperature: heat flow and thermal gradients can cause expansion and thermal 
stresses and, as a consequence, spalling. 

 Rock stress: the initial and evolving stress state of the near-field rock is a primary 
control on spalling. 

 Repository geometry: the orientation of the deposition tunnels has a significant 
effect on the stress magnitudes around the excavations and hence on the extent of 
possible spalling. 

 Rock matrix properties: the mineral composition varies between the different rock 
types at Olkiluoto and this affects their respective strengths. 

Uncertainties in the understanding of the FEP: 

The likelihood and consequence of spalling are well understood from modelling studies 
and from long experience in deep rock excavations (e.g. mines and tunnels). Due to the 
heterogeneity of the rock at Olkiluoto, the exact location of spalling events within the 
excavations cannot be predicted, but the broad extent of spalling across the entire 
repository system is understood. Ongoing characterisation of the geosphere at Olkiluoto 
has provided better understanding of the in-situ stresses but further work is required and 
is ongoing. 

The probability of spalling in an individual deposition hole will depend on the local 
rock conditions and, in part, on the rate of bentonite swelling, which itself depends on 
local rock permeability, which is both heterogeneous and uncertain. 
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Couplings to other FEPs: 

Spalling is directly affected by the following FEPs: 

 Water uptake and swelling (in the buffer) [5.2.2] 
 Water uptake and swelling (in the tunnel backfill) [6.2.2] 
 Heat transfer [8.2.1] 
 Stress redistribution [8.2.2]  
 Creep [8.2.5] 

Spalling directly affects the following FEPs: 

 Stress redistribution [8.2.2]  
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8.2.5 Creep 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Rock creep 8.2.6 

General description: 

Creep of the rock mass is a slow, quasi-continuous (time-dependent) physical 
deformation process that occurs mainly along pre-existing discontinuities in the rock. 
Very slow creep can, however, also take place in the rock matrix due to differential 
stress fields.  

In the repository environment, creep may occur due to the imposition of stresses 
resulting from tectonic, isostatic land uplift [10.2.4], climatic (e.g. ice loading and 
unloading) [10.2.1] and excavation processes. Heat transfer from the spent nuclear fuel 
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may also cause an increase in the rate of creep, but the effect will be minor and limited 
to the thermal phase of repository evolution. Rock creep will occur continuously at a 
slow rate throughout the lifetime of the repository, although it is unlikely to be as 
significant for repository evolution as the more rapid stress redistribution [8.2.2] and 
pre-existing fault reactivation/displacement [8.2.3] processes.  

The main consequence of creep in the far-field rock is likely to be a change to the 
hydraulic and transport properties of fractures (Eloranta et al. 1992). In particular, the 
fracture connectivity and channelling properties could change, such that the preferential 
flow paths through the rock mass could alter over time. Creep of the near-field rock 
around the repository excavations may deform the deposition holes and tunnels, and 
thus impact on the swelling pressure in the buffer [5.2.2] and tunnel backfill [6.2.2]. 
Rock creep is not expected to cause damage to the canister because rock movements, if 
any, due to creep are limited, and the buffer and the backfill will mitigate their impact. 

Reviews of the long-term physical properties of crystalline rocks indicate that there is a 
‘stress threshold’ that can be sustained indefinitely, i.e. below which creep processes 
can be disregarded. This value is of the order of 40–60 % of the unconfined 
compressive strength for laboratory specimens under unconfined compressive loading 
and increases rapidly under increasing confining pressures (Damjanac & Fairhurst 2010; 
Hagros et al. 2008).  

Overall, creep in the geosphere is influenced by the following features of the repository 
system. 

 Temperature: heat flow and thermal gradients can affect creep but, given the 
temperatures likely to occur in the geosphere, this will be a minor control. 

 Rock stress: the initial and evolving stress state of the rock is a primary control on 
creep. 

 Fracture geometry: the orientation of the fractures is relevant because creep occurs 
predominantly along pre-existing discontinuities. 

 Rock matrix properties: the mineral composition varies between the different rock 
types at Olkiluoto and this affects their respective strengths. 

Uncertainties in the understanding of the FEP: 

The very long-term creep processes are not well understood or predictable, but this 
uncertainty is not considered to be significant for evaluating repository safety. This is 
because it is very unlikely that loads in the rock will change so much over time that the 
long-term stress thresholds for the occurrence of creep are reached. If at any time creep 
does occur, however, the tunnel backfill and the buffer will support the rock surfaces 
and limit the impact of any rock damage. 

Couplings to other FEPs: 

Creep in the geosphere is directly affected by the following FEPs: 

 Heat transfer [8.2.1] 
 Stress redistribution [8.2.2] 
 Glaciation [10.2.2] 
 Land uplift and depression [10.2.4] 

Creep in the geosphere directly affects the following FEPs: 

 Physical degradation (of the auxiliary components) [7.2.2] 
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 Reactivation-displacements along existing fractures [8.2.3] 
 Spalling [8.2.4] 
 Groundwater flow and advective transport [8.3.5] 
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8.2.6 Erosion and sedimentation in fractures 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 8.2.7 

General description: 

Groundwater flow in the geosphere predominantly takes place in hydraulically active 
deformation zones (hydrogeological zones) and fractures [8.3.5]. During the operational 
phase, the groundwater flows to the near-field rock will be increased significantly 
compared with undisturbed conditions. Due to an increase in flow, the groundwater 
chemistry may become more acidic and oxidising. As a consequence, there is the 
potential for fracture-filling materials, such as carbonates and sulphides, to be dissolved 
and eroded and for the transmissivity of the factures to increase (Pitkänen et al. 2004). 
This phenomenon is affecting especially the groundwaters close to the ground surface, 
but calcite and sulphides observed in overburden (Breitner 2011) will limit the 
significance of reactive infiltration in fractures. Any loose material present, due to 
repository construction, may also be eroded and redistributed during saturation. After 
complete saturation of the buffer and the tunnel backfill, however, the groundwater flow 
rates and chemistry in the geosphere will return to natural conditions. 

Erosion and sedimentation in fractures is most likely to occur during the early period of 
hydraulic saturation, although glacial meltwaters, if they reach repository depths, might 
also lead to some erosion in fractures at later times. 

There is also the possibility for bentonite particles eroded from the buffer [5.2.3] or 
tunnel backfill [6.2.3] to be carried into water-bearing fractures where they can 
accumulate and cause sedimentation. This sedimentation process can potentially restrict 
the flow of groundwater through the fractures [8.3.5], alter their channelling properties 
and reduce their transmissivity. This may be beneficial for reducing the flow in fractures 
that intersect deposition holes. 
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Furthermore, bentonite particles released from the buffer or backfill may act as colloids 
and influence the transport of radionuclides through the geosphere [8.3.6]. Nonetheless, 
erosion and sedimentation in fractures is not expected to lead to any significant changes 
to the bulk hydraulic or transport properties of the geosphere. This is because buffer and 
backfill erosion are expected to remain limited as the deposition holes and tunnels are 
located in rock volumes with limited flow. During the construction, when the flow rates 
are expected to be at highest due to the gradients caused by the open excavation, the 
groundwater flow can be reduced by grouting.  

Overall, erosion and sedimentation in fractures in the geosphere is influenced by the 
following features of the repository system. 

 Groundwater flux: the flux and flow rate can affect the transport capacity for 
bentonite particles eroded from the buffer and backfill, as well as the rate of erosion. 

 Fracture geometry: in particular, the interconnected fracture network geometry and 
the channel aperture within the plane of the fracture through which groundwater 
flows. 

 Fracture properties: the mineralogy affects the susceptibility of the fracture coating 
or infill minerals to dissolution and erosion. 

 Groundwater composition: affects the chemical reactions and consequently the rate 
of dissolution of the fracture-filling materials and also the stability (agglomeration 
and subsequent filtration) of bentonite colloids released from the buffer and backfill, 
as well as the rate of release of these colloids. 

Uncertainties in the understanding of the FEP: 

Erosion and sedimentation processes are considered to be of limited importance based 
on expert judgement concerning the current understanding of the processes controlling 
fracture minerals.  

The extensive studies of the fracture properties at Olkiluoto and the understanding of 
the geological history of the area show that the fracture fillings are controlled mainly by 
geologically old processes occurring over the past hundreds of millions of years. The 
infiltration experiment at Olkiluoto studies the influence of increased infiltration on 
fracture calcites and sulphides. The results do not indicate any significant loss of 
fracture minerals (Site Description). There is no indication of any significant erosion or 
sedimentation processes in the fractures in geologically recent times, including in the 
deeper parts of the rock at repository depth. 

Couplings to other FEPs: 

Erosion and sedimentation in fractures is directly affected by the following FEPs: 

 Piping and erosion (in the buffer) [5.2.3] 
 Chemical erosion (in the buffer) [5.2.4] 
 Piping and erosion (in the backfill) [6.2.3] 
 Chemical erosion (in the backfill) [6.2.4] 
 Reactivation-displacements along existing fractures [8.2.3] 
 Rock-water interaction [8.2.7] 
 Groundwater flow and advective transport [8.3.5] 
Erosion and sedimentation in fractures directly affects the following FEPs: 
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 Rock-water interaction [8.2.7] 
 Diffusion and matrix diffusion [8.3.4] 
 Groundwater flow and advective transport [8.3.5] 
 Colloid transport [8.3.6] 
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8.2.7 Rock-water interaction 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None 8.2.8 

General description: 

Groundwater in the geosphere will interact with the mineral surfaces it is in contact 
with. These rock-water interactions will occur at all times, although different reactions 
may dominate at different times in response to the forcing and dynamic nature of the 
climatic and groundwater systems. The importance of these interactions is due both to 
their potential to affect the hydrogeochemical evolution of the geosphere and to their 
influence on radionuclide migration through the geosphere by a number of mechanisms: 

 they control the overall hydrogeochemical system in the geosphere, notably the 
redox state, and thus are a major influence on the solubility and speciation of 
radionuclides released from the near field [8.3.1]; 

 precipitation and dissolution of fracture-coating minerals [8.2.6, 8.3.2] can alter the 
groundwater flow system, and flow rate, thus affecting the radionuclide transport 
time through the geosphere; and 

 radionuclides may be sorbed [8.3.3] or incorporated into secondary alteration 
products formed by rock-water interaction, thus retarding transport. 

The porewater composition occurring within the buffer and backfill depends on the 
composition of the saturating groundwater, and the results of rock-water interactions in 
the geosphere, and further reactions with the buffer and backfill materials. The 
porewater composition in the buffer and backfill affects the swelling of the buffer 
[5.2.2] as well as the sorption capacity [5.3.3]. 
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The fractures in the geosphere are the most important pathway for groundwater flow 
within the geosphere and, thus, interactions between the groundwater and the fracture 
coating minerals and mixing between the groundwater types will dominate changes in 
the hydrogeochemical system relevant for long-term safety. Fracture-coating minerals 
may not be representative of the bulk mineralogy of the rock because they are, 
themselves, likely to be the solid products of previous rock-water interactions.  

The fracture-coating minerals at Olkiluoto are dominated by carbonates and clays, and 
these are accompanied by minor sulphides and oxides. Notably, the fractures at 
Olkiluoto lack ferric oxyhydroxide precipitates. In comparison, the bulk rock matrix is 
composed predominantly of silicate minerals (Pitkänen et al. 1999).  

Compared with most other common mineral-water interactions, calcite is quickly 
equilibrated and, in most cases, the reaction is described adequately with equilibrium 
thermodynamics. Calcite is a significant pH buffer, especially against low pH. Calcite 
equilibrium is strongly coupled to the consumption and production of CO2 by biological 
processes. The most common sulphide mineral in the Olkiluoto fractures is pyrite, 
though pyrrhotite, sphalerite and chalcopyrite are also found but less frequently. All 
sulphides as well as dissolved SO4 are redox sensitive because sulphur is both a 
potential electron donor and acceptor in redox processes. Among the sulphide phases, 
pyrite and pyrrhotite are, however, most effectively dissolved in oxic conditions, 
because both ferrous iron and sulphur can be oxidised in redox processes. The reaction 
rates for oxidation of these sulphide phases are several orders of magnitude higher than 
for silicates. Various rock-water interaction processes may be mediated by microbial 
action [8.2.10].  

The bedrock at Olkiluoto consists of high-grade metamorphic schists and gneisses and, 
therefore, many of the minerals were originally stabilised at high temperatures and 
pressures (e.g. cordierite, garnet and sillimanite). These high-grade metamorphic 
minerals are potentially more prone to rock-water processes than minerals more 
frequently found in crystalline granitic bedrock. This is indicated by the presence of 
low-grade alteration products (e.g. smectite, sericite, pinite) at Olkiluoto, in the rock 
matrix and in the fracture zones that result from retrograde metamorphism rather than 
later low temperature rock-water interactions. The detailed properties of the alteration 
products at the site (e.g. cation exchange capacities, chemical compositions, grain size 
distributions) are not well known. 

Most silicate minerals in the fractures and the rock matrix are prone to mineral 
alterations under typical geosphere conditions. Partial or incongruent decomposition of 
silicates is often energetically more favourable than direct breakdown by complete 
dissolution, for example, K-feldspar typically alters to form illite and kaolinite. At 
ambient temperatures, all usual silicate reactions are surface area, rate and mineral 
saturation controlled (Lasaga 1984). An additional factor that affects silicate dissolution 
reactions is the presence of redox-sensitive elements, such as Fe. Often, silicate 
reactions take place in conditions far from thermodynamic equilibrium, but the specific 
reaction rates of silicates are usually several orders of magnitude slower than for the 
carbonates and sulphide minerals (Luukkonen 2006).  

Typically, the most active part of the geosphere for water-rock interactions is the upper 
oxidising, low pH (~6) zone. Geochemical studies at Olkiluoto indicate that dissolution 
of calcite, plagioclase and mafic minerals, and the precipitation of quartz and kaolinite 
occur in the overburden and upper bedrock (Pitkänen et al. 1999). The driving force for 
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dissolution reactions lies in the low ionic strength and acidity of meteoric water. Future 
climate evolution [10.2.1] and the development of permafrost [10.2.3] will affect the 
duration of rock-water interactions, and the flux and composition of recharge water 
[9.2.7]. In post-glacial melt conditions, low ionic strength glacial meltwater may intrude 
down into the geosphere. This can have a long-term, significant impact on rock-water 
interactions, especially if the melt waters contain dissolved oxygen. There is, however, 
no palaeohydrogeological evidence to suggest that there has been any significant 
influence of oxidising glacial waters from any past glaciations on the deep groundwater 
conditions at Olkiluoto (Site Description). 

In the near-field rock, alkaline groundwaters may be created due to chemical 
degradation of concrete components of the repository system, such as plugs [7.2.1]. The 
alkaline groundwater may cause degradation of silicates around the repository and 
precipitation further along fractures, where more neutral pH conditions prevail (Baker et 
al. 2002). Interactions between the cement leachate and the rock are a potentially 
important factor for altering flow in the near-field rock, e.g. clogging of fractures and/or 
formation of secondary minerals has been suggested. Similarly, during the period of 
radiogenic heating, calcite may be precipitated in the near-field rock because it has 
lower solubility at higher temperatures [8.3.2]. 

The deposition tunnels will be backfilled and closed relatively soon after excavation and 
emplacement. Parts of the central tunnels will, however, be left open for tens of years 
and the access tunnel and shafts will be left open for the whole operational period of 
approximately 100 years. In the case of extended periods of open tunnels, rock-water 
interactions will be enhanced. Under these open conditions, the most important reaction 
is likely to be the oxidation of pyrite. This process is known to occur very rapidly and 
can locally lead to very low pH groundwaters (pH < 3) and is the cause of ‘acid mine 
drainage’ that is often observed in deep mines and excavations. The significance of the 
reaction depends entirely on the amount of pyrite present. 

Geochemical conditions and rock-water interactions may also be influenced by 
microbial activity, which can affect redox conditions [8.2.10]. 

Overall, rock-water interaction in the geosphere is affected by a number of variables: 

 Temperature: is an important control and, as a simple rule, typically a 10 °C 
increase in temperature will cause a 2–3 fold increase in reaction rates. 

 Groundwater flux: has an indirect effect, in that movement of groundwater can 
introduce new chemical species to depth and transport dissolved substances 
throughout the geosphere. 

 Rock matrix properties: the mineralogy is important when fracture-coating minerals 
are scarce, because the rock matrix will then be the solid phase in direct contact with 
the groundwater.  

 Fracture properties: fracture mineralogy is important when fracture-coating minerals 
are present, because they will be the solid phases in direct contact with the 
groundwater. 

 Groundwater composition: is fundamental for controlling reactions, particularly pH, 
redox and ionic strength. 
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Uncertainties in the understanding of the FEP: 

Conceptually, rock-water interactions are well understood, but there are a number of 
parameter uncertainties that affect the modelling of future rock-water systems. These 
include both rate constants and thermodynamic data for the fracture-coating minerals. 
The significance of the silicate minerals in rock-water interactions is also not well 
understood.  

With regard to the future evolution of the Olkiluoto groundwater system, there is some 
uncertainty about future climate evolution and the impact this may have on groundwater 
flow and chemistry. These uncertainties mostly relate, however, to rock-water 
interactions at shallow depths. Current understanding of the Olkiluoto groundwater 
chemistry and its past evolution suggests that the deep groundwater system is stable 
over the long term. Infiltrating waters of glacial, marine and meteoric origin have 
penetrated only to a maximum depth of approximately 300 m.  

Couplings to other FEPs: 

Rock-water interaction in the geosphere is directly affected by the following FEPs: 

 Chemical degradation (of the auxiliary components) [7.2.1] 
 Heat transfer [8.2.1] 
 Erosion and sedimentation in fractures [8.2.6] 
 Microbial activity [8.2.10] 
 Groundwater flow and advective transport [8.3.5] 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
Rock-water interaction in the geosphere directly affects the following FEPs: 

 Montmorillonite transformation (in the buffer) [5.2.6] 
 Alteration of accessory minerals (in the buffer) [5.2.7] 
 Montmorillonite transformation (in the tunnel backfill) [6.2.5] 
 Alteration of accessory minerals (in the tunnel backfill) [6.2.6] 
 Chemical degradation (of the auxiliary components) [7.2.1] 
 Erosion and sedimentation in fractures [8.2.6] 
 Methane hydrate formation [8.2.8] 
 Aqueous solubility and speciation [8.3.1] 
 Precipitation and co-precipitation [8.3.2] 
 Sorption [8.3.3] 
 Diffusion and matrix diffusion [8.3.4] 
 Groundwater flow and advective transport [8.3.5] 
 Colloid transport [8.3.6] 
 Gas transport [8.3.7] 
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8.2.8 Methane hydrate formation 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Clathrate formation 8.2.9 

General description: 

Methane hydrates (also called methane ice or clathrates) are solid crystalline 
compounds of methane and water having an approximate formula of CH4•nH2O where 
n ≈ 5–7. They are found abundantly on the sea floor and in the Arctic permafrost areas 
associated with oil and gas (methane) in sedimentary rocks (Ahonen 2001). There is 
very limited (if any) evidence to suggest significant methane hydrate accumulations 
occur in crystalline rocks. 

An important precondition of their formation is that a CH4 gas phase separates from 
groundwater under supersaturated conditions or that methane hydrate separates directly 
from the liquid phase when temperatures decrease, such as during the onset of 
permafrost conditions (Buffet 2000).  

Within the mineral structure, methane is trapped within hydrogen-bonded water 
molecules, contributing to solid stability by its small molecular size. Methane hydrates 
are stable under specific pressure and temperature conditions (Sloan 2004) and may be 
stable at temperatures above 0 °C if the hydrostatic pressure is in excess of 20 bars, 
which is equivalent to around 200 m depth (Figure 8-4).  

Currently, the geosphere temperatures are too high and the CH4 contents in the 
groundwater too low to allow the formation of methane hydrates at any depths at 
Olkiluoto (Gascoyne 2005; Paloneva 2009; Keto 2010; Tohidi et al. 2010). Nonetheless, 
methane hydrates could theoretically form under possible future glacial conditions. The 
rate of accumulation of CH4 in the Finnish bedrock is not well known; however, it is 
estimated to be slow at Olkiluoto (Delos et al. 2010).  

It is unlikely that methane hydrates could ever form in the near field because permafrost 
is not predicted to reach to repository depths [10.2.3] and because of the groundwater 
composition and slow migration rate of CH4 at Olkiluoto (Tohidi et al. 2010).  
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Figure 8-4. Phase diagram for a methane-water mixture as a function of depth 
(equivalent to a hydrostatic pressure of 10 bar = 100 m) and temperature. Grey area 
defines the limits of methane hydrate stability in the temperature-pressure field. Tm 
represents the melting temperature of ice. Tc corresponds to the current temperature 
profile at Olkiluoto and Tp represents the temperature profile under long-term 
permafrost conditions with a permafrost thickness of about 100 m. After Buffet (2000). 

 

An important potential consequence of the formation of methane hydrates relates to 
their melting when the temperature increases (or pressure drops). Melting releases 
significant amounts of CH4 in a gas phase in a very short time period, which may cause 
a rapid gas overpressure and mechanical disruption to the rock or other materials around 
it. Melting would also enhance two-phase flow and any radionuclides dissolved in the 
far-field groundwater could be expelled upwards with the methane gas. 

Overall, methane hydrate formation (and melting) is influenced by the following 
features of the repository system. 

 Temperature: the onset of permafrost conditions in a future glacial cycle is a 
requirement for the process to occur. 

 Groundwater pressure: important because methane hydrates form only at hydrostatic 
pressures in excess of that equivalent to 200 m depth. 

 Groundwater composition: is a dominant control because methane hydrates can 
form only when the methane content is close to its solubility limit. 

Uncertainties in the understanding of the FEP: 

The processes leading to methane accumulation and hydrate formation are relatively 
well understood, but there is very limited evidence to suggest they ever occur within 
crystalline rock environments. In the most recent reviews on the worldwide occurrence 
of clathrates, no references are found for their existence in crystalline rock formations, 
but only in sediments along the Arctic coast of Alaska and Canada, and in sedimentary 
basins such as the Atlantic regions near the Caribbean (e.g. Carroll 2009, Demirbas 
2010).  

At Olkiluoto, methane clathrates have been observed within a few microscopic fluid 
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inclusions within quartz grains (Eichinger et al. 2010). These inclusions were formed at 
very high temperatures and pressures (up to 400 °C), in conditions when CH4 dissolves 
in water. As these fluid inclusions cooled, the gas and water phases separated, leading to 
very high gas pressures within the quartz grains.  

This formation mechanism differs significantly from the processes that lead to large-
scale methane accumulation in sedimentary systems, and applies in conditions that are 
grossly different from those in the repository system. As a consequence, the formation 
of methane clathrates in the crystalline rocks at Olkiluoto is considered to be very 
unlikely.  

Couplings to other FEPs: 

Methane hydrate formation in the geosphere is directly affected by the following FEPs: 

 Rock-water interaction [8.2.7] 
 Groundwater flow and advective transport [8.3.5] 
 Permafrost formation [10.2.3] 

Methane hydrate formation in the geosphere directly affects the following FEPs: 

 Aqueous solubility and speciation [8.3.1] 
 Precipitation and co-precipitation [8.3.2] 
 Groundwater flow and advective transport [8.3.5] 
 Gas transport [8.3.7] 
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8.2.9 Salt exclusion 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Freeze out 3.2.1 

General description: 

During permafrost conditions [10.2.3], the ground temperature remains perennially 
below zero and, as a consequence, groundwater freezes, although the actual temperature 
at which it freezes is dependent on the groundwater composition and pressure, and may 
be below zero.  

Any dissolved species (salts) in freezing groundwater tend not to be incorporated into 
the ice lattice structure and, instead, are preferentially segregated into a separate phase. 
This salt exclusion process may lead to the formation of a saline water body moving 
ahead of an advancing freezing front, isolation of liquid brine pockets within the solid 
ice phase, accumulation of salts on the grain-boundaries or in the rock matrix, or 
crystallisation of cryogenic minerals. Cold, saline waters and brines associated with 
permafrost are called cryopegs. 

If this process were to occur in the geosphere, the high density of the excluded saline 
water might potentially cause it to sink downwards to repository level, where it could 
interact with the clay in the buffer and tunnel backfill, causing it to lose some of its 
swelling capacity [5.2.2 and 6.2.2]. 

The freezing point of saline groundwaters may be significantly below 0 °C, depending 
on the salt content (Figure 8-5). With decreasing temperature, a brine phase with 
increasing salinity forms and is segregated as a saline front moving ahead of the 
propagating permafrost if the rate of movement of the brine is faster than the rate of 
progression of the freezing front. Scoping calculations indicate that the rate of 
permafrost advance in low-porosity crystalline rock may be of the order of 5 cm/a 
(Ahonen 2001). Under these conditions, the downward transport of salinity takes place 
mainly via diffusion and, consequently, the formation of segregated intra-permafrost 
cryopegs, cryogenic mineralisation or sorbed grain-boundary salts is possible.  
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Figure 8-5. Phase diagram for the system NaCl-H2O as a function of temperature and 
NaCl concentration. From Biggar & Sego (1993). 

 

At the Palmottu natural analogue study site in Finland, a brackish Na-SO4 type 
groundwater with very low stable isotopic signature was observed at depths of a few 
hundred metres. Permafrost development accompanied by salt exclusion was considered 
to be one potential explanation for its hydrogeochemical evolution (Blomqvist et al. 
2000). Similarly, at Olkiluoto, SO4-rich Littorina-derived groundwater dominates in the 
upper part of the geosphere and overlies a brackish Na-Cl type groundwater with high 
Na/Ca ratio at depths of 200–300 m. It has previously been suggested that these 
brackish waters (and similar saline waters found at depth in the Canadian Shield) 
developed as a result of salt exclusion during the last permafrost period. This 
explanation has, however, now been ruled out on the basis of their isotopic 
compositions (Site Description). 

Due to the salinity of the groundwaters at Olkiluoto, the salt exclusion process may 
potentially occur during future permafrost periods, with the earliest predicted onset of 
permafrost being 50,000 years in the future [10.2.3].  

Overall, salt exclusion is influenced by the following features of the repository system. 

 Temperature: the onset of freezing conditions is a requirement for the process to 
occur. 

 Groundwater composition: specifically salinity is important because this controls the 
potential for the process and the nature of salts that can be excluded by the process. 

Uncertainties in the understanding of the FEP: 

The salt exclusion process is well understood and proven in the laboratory. Large-scale 
occurrence of salt exclusion in nature has been suggested as one possible explanation of 
relatively shallow saline waters in palaeohydrogeological interpretations of groundwater 
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chemistry from field and natural analogue studies (e.g. Ruskeeniemi et al. 2004).  

The recent chemical and isotopic results from Olkiluoto and similar sites in Scandinavia 
and Canada, however, indicate that salt exclusion did not occur during the last 
permafrost cycle (Site Description; Stotler et al. 2012). In addition there is no 
hydrogeochemical indication in fracture or matrix pore groundwater that permafrost 
would have approached repository depth. This process is, therefore, considered to be 
very unlikely to occur in the future at Olkiluoto. 

Couplings to other FEPs: 

Salt exclusion in the geosphere is directly affected by the following FEPs: 

 Groundwater flow and advective transport [8.3.5] 
 Permafrost formation [10.2.3] 

Salt exclusion in the geosphere directly affects the following FEPs: 

 Aqueous solubility and speciation [8.3.1] 
 Precipitation and co-precipitation [8.3.2] 
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8.2.10 Microbial activity 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Microbial populations and processes 8.2.11 

General description: 

Microbes are ubiquitous forms of life and different species of microbes are adapted to 
different physicochemical conditions. It is also known that active microbial populations 
and processes extend deep into the bedrock to repository depths, and that deep 
subsurface microbes may differ substantially from those in the near-surface 
environment (Pedersen 2008).  

In the geosphere, microbes are most likely to be located on the surfaces of fracture 
coating minerals and may, therefore, influence rock-water interactions [8.2.7]. They are 
considered important for controlling the geochemical conditions and especially for 
microbial reduction of sulphate to sulphide and, thus, may influence the corrosion of the 
copper overpack. In general, however, microbial populations and processes in the 
geosphere are likely to be less significant than in the near field, where microbes have a 
greater potential to become involved in corrosion of the copper overpack on the canister 
[4.2.5]. 

Microbiological processes in the geosphere will remain potentially active for the 
complete lifetime of the repository. Microbial populations will tend to respond to all 
nutrients available or intruding with time into the geosphere from the ground surface, 
from deeper depths or from the engineered barrier system.  

In near-surface oxidising conditions, oxygen is consumed by microbes through aerobic 
respiration, aerobic methane oxidation, and oxidisation of iron and sulphur compounds. 
Carbon dioxide is generated by microbes during aerobic oxidation of organic carbon. 
The most significant microbial processes involving CO2 are indicated in Figure 8-6. In 
deeper reducing conditions, microbes take advantage of a broad range of reactions, such 
as denitrification, fermentation and reduction of manganese and sulphate, using 
methane, hydrogen gas and carbon dioxide of crustal origin.  
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Figure 8-6. Possible pathways for the flow of carbon in the backfill and buffer 
environments. Organic carbon is respired to carbon dioxide with oxygen if present, or 
else fermentation and anaerobic respiration occurs with an array of different electron 
acceptors. Autotrophic processes generate methane and acetate from carbon dioxide 
and hydrogen. From Pedersen (2011). 

 

The microbial populations present in the Olkiluoto groundwater have been studied and 
the data show that aerobic bacterial activity is restricted to the upper few metres, with 
anaerobic microbes dominant at all greater depths (Havemann et al. 1998, 2000, 
Pedersen 2008, Pedersen et al. 2010). Increased activities of several species are 
recorded at a depth of around 300 metres, which is considered to be significant because, 
at Olkiluoto, it denotes the greatest depth to which sulphate-containing ancient seawater 
has infiltrated. It is suggested that anaerobic methane oxidation (ANME) with sulphate 
reduction (SRB) may occur at this depth.  

However, the results of stable isotope analyses of groundwater and fracture calcites 
indicate that microbial sulphate reduction by anaerobic methane oxidation has been very 
limited (not pervasive) at the site. Sulphur (δ34S (SO4)) isotopic results from pyrites in 
the fractures indicate that microbial SO4 reduction has occurred at relatively low 
temperatures. δ13C(DIC) results from monitored groundwater samples with elevated 
sulphide contents or δ13C from fracture calcites do not indicate significant anaerobic 
CH4 oxidation (ANME) during long term, although it is possible in minor amount. The 
results suggest the oxidation of other hydrocarbons to be the energy source rather than 
CH4 in microbial sulphate reduction. The potential role of other short-chain 
hydrocarbons as an energy source in sulphate reduction has been emphasised by 
Kniemeyer et al. (2007). The first results from the SURE experiment (first lab tests) also 
suggest that methane alone is not a “proper” energy source in sulphate reduction, rather 
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microbes will use other hydrocarbons or preferably hydrogen when present (Site 
Description). 

Microbial activity in the geosphere is important for controlling certain aspects of the 
geochemical system, for example by maintaining reducing conditions. Microbial 
activity may, therefore, be important for controlling the solubility and speciation of 
radionuclides released from the near field [8.3.1].  

In addition to affecting the geochemical conditions, microbes may also exert a direct 
control on radionuclide transport, if nuclides became attached to mobile microbes, 
which may then affect their migration behaviour. This is, however, expected to have a 
very limited effect. 

Microbial populations and processes in the geosphere are affected by a number of 
features of the repository system. 

 Temperature: the activity of microbial species is temperature dependent.  

 Groundwater flux: is important because the movement of water can introduce new 
microbial species to depth, transport populations throughout the geosphere and 
cause mixing of groundwaters which may enhance microbial activity. 

 Fracture properties: the fracture coating minerals act as the main substrate onto 
which microbial populations form, and from which they derive some nutrients. 

 Groundwater composition: provides nutrients to microbes in the form of dissolved 
species derived from rock-water interactions.  

 Gas composition: may also provide nutrients to microbes in the form of dissolved 
gas. 

Uncertainties in the understanding of the FEP: 

It is evident that viable microbial populations will occur in the geosphere and that they 
are important for controlling the redox system in the rock. It is uncertain, however, how 
important this influence may be on the performance of the repository system. The 
impact of microbes on radionuclide transport in the geosphere is, however, expected to 
be limited.  

There is considerable uncertainty about the nature and populations of microbes that 
would be viable in the long term in the geosphere. The use of current sampling and 
culturing methods indicates several microbial groups to be present across a broad range 
of depths within the bedrock at Olkiluoto but several of these appear to be dormant. It is 
not clear, therefore, what processes are actively influenced by the presence of microbes, 
or will be during repository construction and operation, and after closure of the facility. 

The quantification of microbial activity, particularly the rate of sulphate reduction, is 
uncertain. Some minor microbial SO4 reduction with anaerobic CH4 oxidation may be 
active at the interface of SO4 and CH4 rich groundwaters, particularly if the system is 
disturbed by excavation and groundwater mixing occurs. But likely other short-chain 
hydrocarbons or hydrogen are the main energy sources.  

Couplings to other FEPs: 

Microbial activity in the geosphere is directly affected by the following FEPs: 

 Heat transfer [8.2.1] 
 Groundwater flow and advective transport [8.3.5] 
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Microbial activity in the geosphere directly affects the following FEPs: 

 Microbial activity (in the buffer) [5.2.8] 
 Microbial activity (in the tunnel backfill) [6.2.7] 
 Rock-water interaction [8.2.7] 
 Aqueous solubility and speciation [8.3.1] 
 Precipitation and co-precipitation [8.3.2] 
 Sorption [8.3.3] 
 Colloid transport [8.3.6] 
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8.3 Migration FEPs  

Once a canister has failed, water has entered the canister and radionuclides have been 
released from the spent nuclear fuel and have migrated through the engineered barriers, 
they will be subject to migration (transport) and retardation processes operating in the 
geosphere. Other substances naturally present in the groundwater (such as organic and 
inorganic ligands) will be affected by the same transport processes and their presence 
may also potentially influence the migration and mobility of radionuclides. A summary 
of the main transport processes is shown in Figure 8-7 and the following descriptions 
summarise each of these processes, and the effects of the different variables on them. 
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Figure 8-7. The main transport processes in the geosphere. In flow and transport 
models, diffusion-accessible pore space may be assumed to exist throughout the rock 
matrix, or to be confined to spatially limited zones adjacent to transmissive fractures.  

 

8.3.1 Aqueous solubility and speciation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Dissolution and speciation; Solubility and speciation 8.3.1 

General description: 

Some radionuclides released from a failed canister will diffuse through the buffer 
[5.3.4] and be available for transport in the geosphere. According to the current 
understanding of the evolution of the disposal system, radionuclides will remain 
contained within most of the canisters for several hundred thousand years. 

Groundwater flow and advective transport in the geosphere predominantly takes place 
in hydraulically active deformation zones (hydrogeological zones) and fractures. The 
radionuclides present in the geosphere will be present either in the aqueous phase or 
sorbed to the fracture coating minerals [8.3.3] or will diffuse into the rock matrix [8.3.4] 
where they may be sorbed onto mineral surfaces. Smaller fractions of the inventory in 
the geosphere may also be associated with colloids [8.3.6] or the gas phase [8.3.7].  

In this context, solubility refers to the maximum possible aqueous concentration of an 
element in all dissolved chemical forms (species) in the groundwater, which are in 
equilibrium with each other and the minerals in contact with the groundwater. Due to 
past rock-water interactions [8.2.7], it is probable that the rock matrix will be altered 

Diffusion into 
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along fractures and, therefore, the relevant mineral surfaces for controlling solubility 
and speciation will be the secondary alteration minerals that coat the fracture walls, 
rather than the minerals in the rock matrix.  

The speciation of dissolved radionuclides is very important for radionuclide transport in 
the geosphere because it is the major control on their solubility and reactivity (sorption). 

Generally, speciation of the radionuclides and solubility in the geosphere are controlled 
by the groundwater composition. Important for radionuclide solubility and speciation 
are pH, the redox conditions and the concentrations of dissolved gases, inorganic anions 
such as carbonate and chloride, and organic complexants. Solubility may be additionally 
controlled by co-precipitation and the formation of solid solutions [8.3.2]. 

The groundwater composition itself is controlled by the rock-water interactions [8.2.7] 
that take place as groundwater flows through the fractures and mixes with other 
groundwater types. The groundwater composition, as well as radionuclide solubility and 
speciation, may also be affected by microbial activity [8.2.10]. 

A significant issue for understanding solubility in the geosphere is that radionuclides 
will be dissolved in the groundwater in much lower concentrations than in the near 
field, because of the substantial dilution of the radionuclide concentrations entering and 
migrating through the geosphere. Under the most likely line of evolution, only a very 
small proportion of the total radionuclide inventory is estimated to migrate from the 
near field to the geosphere, and typically it is only the long-lived, poorly sorbing and 
highly soluble radionuclides that will do so (e.g. I-129, C-14). As a result, it is much 
less likely that radionuclide concentrations in groundwater in the geosphere will be 
solubility limited, compared with the engineered barrier system (e.g. within the canister, 
buffer or backfill). This means that precipitation is unlikely to be a significant 
immobilisation process in the geosphere, although co-precipitation with major elements 
may occur [8.3.2]. 

As noted above, the speciation of radionuclides in the geosphere will be controlled by 
the natural groundwater composition and, in particular, the presence of strong 
complexing ligands, such as carbonate and Cl– ions. In the presence of strong 
complexants, the formation of stable aqueous species may decrease the degree to which 
radionuclides are sorbed. The low-sorbing radionuclide complexes are mostly anionic. 
This is exemplified by the behaviour of uranium in fresh groundwaters, where the 
presence of a high concentration of carbonate leads to the formation of calcium-
uranium(VI)-carbonate complexes and reduces the degree of sorption (Prat et al. 2009). 
The redox state of the system also significantly affects the aqueous speciation of 
radionuclides for the redox-sensitive elements, such as Se, Tc, U, Np and Pu.  

A thorough study of the radionuclide speciation in the Olkiluoto reference groundwaters 
has been recently conducted, taking account of the likely effects of climate evolution on 
future groundwater compositions (Grivé et al. 2007, Hakanen et al. 2012). The present-
day Olkiluoto groundwater composition at the depth of the planned repository is 
characterised by a fairly high ionic strength (TDS 10–12 g/L), low redox potential and 
slightly basic pH. The fractures in the rock are typically coated with carbonates, clays 
and sulphides, which may provide sites for sorption or new mineral co-precipitation 
(Site Description; Hakanen et al. 2012).  

There is a significant variation in the natural groundwater composition with depth at 
Olkiluoto and, consequently, radionuclide solubility and speciation may vary 
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substantially during transport through the geosphere. The groundwater composition will 
also change in response to climate evolution [10.2.1]. Over time, the upper geosphere 
may be recharged with meteoric water, seawater and glacial meltwater, each with 
different redox potential, pH and ionic strength. Changes in the groundwater 
composition mean that the fracture-filling minerals to which radionuclides are 
associated via co-precipitation or sorption may be dissolved or new sorbing phases may 
be formed. The speciation of radionuclides in the groundwater at repository depth is of 
most interest because it is the rock immediately around the repository that contributes 
most to the overall transport resistance of the geosphere. 

Overall, aqueous solubility and speciation are influenced by the following features of 
the repository system. 

 Radionuclide inventory: controls the types and amounts of radionuclides that may 
be available for transport and, in the geosphere, their expected low concentrations 
mean that solubility limits are unlikely to be reached. 

 Temperature: the solubility of radionuclides is temperature dependent, although this 
is likely to be a second-order control in the geosphere.  

 Groundwater pressure: the groundwater pressure will influence solubility and 
speciation, but is also a second-order control in the geosphere. 

 Groundwater flux: is important because the movement of groundwater reduces the 
concentration of radionuclides due to dilution and dispersion. 

 Rock matrix properties: the rock mineralogy is important when fracture-coating 
minerals are scarce because the rock matrix will then be the solid phase controlling 
groundwater chemistry.  

 Fracture properties: the fracture mineralogy is important when fracture-coating 
minerals are present, because they act as the main solid phase for controlling 
groundwater chemistry. 

 Groundwater composition: is a first-order control on the solubility and speciation of 
radionuclides, particularly the pH, Eh plus the type and concentration of dissolved 
species in the groundwater. 

 Gas composition: will affect the groundwater composition (redox) if a two-phase 
system develops. 

Uncertainties in the understanding of the FEP: 

Radionuclide solubility and speciation are well understood from a conceptual model 
perspective. Similarly, the radionuclide solubilities are generally well characterised in 
thermodynamic databases, although there are numerical uncertainties for some of the 
safety relevant radionuclides and the matching solubility limiting phases. This may not 
be as significant for the geosphere as it is for the canister interior or buffer, because it is 
unlikely that the concentrations of the radionuclides that most contribute to the releases 
from the geosphere will be solubility limited. 

The speciation of radionuclides is uncertain because of the uncertain spatial and 
temporal variation in groundwater composition. This is accounted for to a large extent 
by defining reference and bounding groundwaters as a function of time for different 
climatic periods. For many elements, the geochemical uncertainty is larger than the 
thermodynamic uncertainty. 
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Couplings to other FEPs: 

Aqueous solubility and speciation is directly affected by the following FEPs: 

 Chemical degradation of auxiliary components [7.2.1] 
 Rock-water interaction [8.2.7] 
 Methane hydrate formation [8.2.8] 
 Salt exclusion [8.2.9]  
 Microbial activity [8.2.10] 
 Precipitation and co-precipitation [8.3.2] 
 Groundwater flow and advective transport [8.3.5] 
 Colloid transport [8.3.6] 

Aqueous solubility and speciation directly affects the following FEPs: 

 Precipitation and co-precipitation [8.3.2] 
 Sorption [8.3.3] 
 Groundwater flow and advective transport [8.3.5] 
 Colloid transport [8.3.6] 
 Gas transport [8.3.7]  
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8.3.2 Precipitation and co-precipitation 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Radionuclide sorption and precipitation 8.3.1 
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General description: 

Precipitation and co-precipitation processes are very strongly dependent on radionuclide 
solubilities [8.3.1]. Due to the anticipated very small release rates of radionuclides from 
the near field and subsequent dilution in the geosphere, radionuclide concentrations in 
the geosphere are expected to be at trace levels and are unlikely ever to reach solubility 
limits under the expected hydrogeochemical conditions. Precipitation of single 
radioelement solid phases is, therefore, not expected to be a significant immobilisation 
process in the geosphere but co-precipitation may occur. 

Co-precipitation is the precipitation of a radionuclide with a naturally occurring major 
element species (e.g. Ca) to form a solid solution. This might occur in the geosphere at 
the interface between groundwaters with different compositions where minerals are 
precipitated (e.g. oxic/anoxic water boundaries).  

Co-precipitation of naturally occurring radionuclides is commonly observed in 
geological systems, and has been studied as part of several natural analogue studies such 
as that at Palmottu (Blomqvist et al. 2000). 

Co-precipitation of radionuclides has been considered within the engineered barriers, 
for example co-precipitation of Ra-226 with Ba (Bosbach et al. 2010), but there is 
limited information on the potential for co-precipitation of repository derived 
radionuclides to occur in the geosphere, and co-precipitation is usually not accounted 
for in performance assessments (Bruno et al. 2007).  

Precipitation and co-precipitation, occurring on solid surfaces such as the fracture walls, 
would retard radionuclide transport. The mechanism is considered to be irreversible 
unless a change in geochemical conditions causes the precipitated mineral phases to 
redissolve. It is possible that precipitation could cause the formation of suspended 
colloids directly from solution and, if this were to occur, it might enhance radionuclide 
transport, depending on the mobility of the colloid phase [8.3.6].  

Overall, precipitation and co-precipitation are influenced by the following features of 
the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for inclusion in 
precipitates. 

 Temperature: the solubility of radionuclides is temperature dependent, although this 
is likely to be a second-order control over precipitation in the geosphere.  

 Groundwater pressure: can influence solubility limits and, thus, precipitation but is a 
second-order control in the geosphere. 

 Groundwater flux: the movement of groundwater through the rock controls the 
distribution of radionuclides in the geosphere and, therefore, their concentrations 
and the overall groundwater composition. 

 Rock matrix properties: the rock mineralogy is important when fracture-coating 
minerals are scarce because the rock matrix will then be the solid phase controlling 
groundwater chemistry.  

 Fracture properties: the fracture mineralogy is important when fracture coating 
minerals are present because they act as the main solid phase for controlling 
groundwater chemistry. 

 Groundwater composition: particularly pH, carbonate concentration, redox 
conditions, and dissolved gases are the primary controls on the potential for 
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precipitation and co-precipitation. 

 Gas composition: will affect the groundwater composition (including the redox 
potential) if a two-phase system develops. 

Uncertainties in the understanding of the FEP: 

There is a good conceptual understanding of radionuclide precipitation and co-
precipitation mechanisms, and the factors that control radionuclide and major element 
solubilities. It is unlikely that precipitation will be a significant process in the 
geosphere, but co-precipitation is possible. There is, however, considerable uncertainty 
regarding the nature of the co-precipitate phases that may form in the geosphere.  

Broadly, the uncertainties that apply to solubility and speciation [8.3.1] also apply to 
precipitation and co-precipitation. The added complexity relates to the formation of co-
precipitated solid solutions, for which there are currently very few data relevant to the 
conditions expected in the geosphere. 

Couplings to other FEPs: 

Precipitation and co-precipitation are directly affected by the following FEPs: 

 Chemical degradation of auxiliary components [7.2.1] 
 Rock-water interaction [8.2.7] 
 Methane hydrate formation [8.2.8] 
 Salt exclusion [8.2.9] 
 Microbial activity [8.2.10] 
 Aqueous solubility and speciation [8.3.1] 
 Sorption [8.3.3] 
 Groundwater flow and advective transport [8.3.5] 
Precipitation and co-precipitation directly affect the following FEPs: 

 Aqueous solubility and speciation [8.3.1] 
 Sorption [8.3.3] 
 Diffusion and matrix diffusion [8.3.4] 
 Groundwater flow and advective transport [8.3.5] 
 Colloid transport [8.3.6] 
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8.3.3 Sorption 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Ion exchange; Physical adsorption  8.3.3 

General description: 

The migration of radionuclides dissolved in the groundwater within geosphere fractures 
[8.3.1] may be retarded by sorption on the surfaces of the minerals that coat the fracture 
surfaces (e.g. clays, carbonates, sulphides and oxides) and on the pore surfaces of the 
host rock surrounding the fractures. The fracture-coating minerals at Olkiluoto typically 
have a very limited thickness of only a few millimetres at most. In addition, there is 
often an altered layer of the host rock that ranges in thickness from millimetre to 
centimetre scale present adjacent to the facture surfaces (Site Description, Chapter 8).  

Sorption is element specific and depends on the speciation of the element (valency state, 
hydrolysis and complexation), the groundwater ionic strength and the solid phase 
surface characteristics. Radionuclides may be sorbed by either surface complexation or 
ion exchange. 

Surface complexation is a mechanism involving a covalent or electrostatic bond 
between the hydrated surface of the solid and a radionuclide. This mechanism is most 
efficient for cations that are strongly hydrolysed, and is very important for radionuclides 
with a high positive charge and high electronegativity (Bradbury & Baeyens 2009a, 
2009b). Surface complexation is also the main sorption mechanism for oxyanions. 

Ion exchange is a mechanism involving substitution of a radionuclide for an ion in the 
mineral structure. It occurs strongly on clay and mica minerals due to the exchangeable 
cations that compensate for the negative charge in the mineral structure. This 
mechanism is effective even for non-hydrolysed cationic radionuclide species.  

Sorption is typically characterised by the distribution coefficient, which is the ratio 
between the concentration of the radionuclide in the solid phase and in solution. For 
most of the radionuclides, trace concentrations and linear sorption are assumed in the far 
field. For radionuclides with elevated concentrations in groundwater, the distribution 
coefficient is based on a non-linear sorption isotherm. Many of the radionuclides 
transported to the geosphere are not strongly sorbing (Altmann et al. 2001) and, in the 
absence of co-precipitation [8.3.2], their retardation in the geosphere will be mainly as a 
result of matrix diffusion [8.3.4] under expected evolution conditions. 

The fracture-coating minerals that have formed due to rock-water interactions [8.2.7] 
will provide effective sorption sites in the geosphere, but, because they are very thin, the 
most abundant surfaces for sorption will be the altered and unaltered rock behind the 
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fracture coatings.  

There is a significant change in the nature of the fracture-coating mineral assemblage 
with depth at Olkiluoto and, consequently, the potential for sorption may vary 
substantially during radionuclide transport through the geosphere. The fracture-mineral 
assemblage and groundwater composition, particularly in the upper geosphere, may also 
evolve in response to climate evolution and the changing nature of the recharging water. 

Sorption is a reversible reaction and there may be a net release (desorption) of 
radionuclides if, for example, there are changes to the groundwater chemistry. It is 
possible that radionuclides could sorb onto suspended colloids directly from solution, 
and this might enhance radionuclide transport, depending on the mobility of the colloid 
phase [8.3.6].  

Overall, sorption is influenced by the following features of the repository system. 

 Radionuclide inventory: controls the radionuclides that are available for sorption. 

 Temperature: is a control over the efficiency of radionuclide sorption, although this 
is likely to be a second-order effect in the geosphere. 

 Groundwater flux: because groundwater movement controls the distribution of 
radionuclides in the geosphere. 

 Rock matrix properties: the rock mineralogy is important when fracture-coating 
minerals are scarce, because the rock matrix will then be the solid phase on which 
sorption may occur.  

 Fracture properties: the fracture mineralogy is important when fracture-coating 
minerals are present, because they can act as the solid phase for sorption. 

 Groundwater composition: particularly the pH, Eh plus the speciation, which may 
affect the rate and degree of sorption. 

Uncertainties in the understanding of the FEP: 

There is a good conceptual understanding of the mechanisms that control sorption. 
Sorption in the geosphere is significant only for a limited set of radionuclides under 
expected evolution conditions, because most of the radionuclides that can readily 
migrate through the buffer demonstrate conservative, non-reactive transport behaviour. 
The quantitative evaluation of sorption is limited by the very large uncertainties in the 
future changes to the hydrogeochemical system in the geosphere in response to climate 
evolution.  

The primary uncertainties relate to the sorption capacity of the various fracture-coating 
minerals and rock types that are available for sorption, and the spatial and temporal 
variation in that sorption capacity.  

Couplings to other FEPs: 

Sorption is directly affected by the following FEPs: 

 Rock-water interaction [8.2.7] 
 Microbial activity [8.2.10] 
 Aqueous solubility and speciation [8.3.1] 
 Precipitation and co-precipitation [8.3.2] 
 Diffusion and matrix diffusion [8.3.4] 
 Groundwater flow and advective transport [8.3.5] 
Sorption directly affects the following FEPs: 
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 Precipitation and co-precipitation [8.3.2] 
 Groundwater flow and advective transport [8.3.5] 
 Colloid transport [8.3.6] 
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8.3.4 Diffusion and matrix diffusion 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Diffusion; Rock matrix diffusion 8.3.4 

General description: 

In fractured crystalline rocks, bulk solute transport and groundwater movement at the 
macroscopic scale usually takes place by flow (advection) through the fracture network 
[8.3.5].  

At the microscopic scale, however, radionuclides may also move within the fractures by 
diffusion and this may be an important transport mechanism in low flow or stagnant 
conditions when advection is not occurring. This may, for example, occur beneath a 
permafrost layer [10.2.3] when groundwater flow stops after recharge and discharge 
zones are shut-off by the ice layer. 

In a flowing fracture, radionuclides may also move laterally out of the fracture and into 
an intricate network of interconnected microfractures and micropores within the rock by 
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molecular diffusion. This process is called matrix diffusion (Neretnieks 1980). 

The water in the interconnected microporosity will be very slow moving or even 
immobile and, therefore, the transport of radionuclides subject to matrix diffusion will 
be retarded relative to the flowing water in a fracture. The retardation effect may be 
increased for sorbing nuclides because the surface area of the microporosity can 
typically be 3 to 6 orders of magnitude larger than that of the flowing fractures, 
providing abundant sorption sites (EC 2005, p. 25). 

Matrix diffusion may prove to be effective for retarding even non-sorbing species 
depending on how long they remain isolated within the microporosity before diffusing 
back out into the flowing fracture. This is particularly relevant, because typically it is 
mainly the long-lived, poorly sorbing and highly soluble radionuclides (e.g. Cl-36, 
I-129 and C-14) that will be able to diffuse through the buffer and reach the geosphere 
before they decay to insignificant levels.  

There may be differences in the matrix diffusion behaviour of anions, cations and 
neutral species. Anions may be excluded to some extent from the smallest micropores 
due to their repulsion from negatively charged mineral surfaces, and diffusion tests have 
indicated in practice that anionic exclusion may take place in the rocks at Olkiluoto 
(Kaukonen et al. 1997). For cations the effect is the opposite because of their attraction 
towards the mineral surfaces. Cations enter the matrix more frequently than neutral 
species, whereas anions have a reduced probability to enter the matrix.  

It has also been speculated that radionuclides associated with colloids or microbes could 
be retarded by matrix diffusion. The diffusion of such relatively large particles into the 
rock would, however, be much less than that of dissolved radionuclides. In performance 
assessments, it is generally conservatively assumed that such particles are excluded 
from rock matrix pores due to their size or charge.  

Evidence for matrix diffusion comes from laboratory measurements, in-situ tracer 
experiments and natural analogues (EC 2005, p. 26). In some cases, there is an observed 
increase in the matrix porosity (and thus an increase in the effective diffusivity) within 
the first few centimetres of rock adjacent to water-bearing fractures due to mineral 
alteration. Any fracture coating present may be porous and allow matrix diffusion to 
take place but, in some cases, the coatings could ‘seal’ the underlying rock porosity and 
limit the effect of matrix diffusion. 

The significance of matrix diffusion for radionuclide transport in the geosphere 
depends, in part, on the volume of rock available for the process. In turn, this volume 
may be restricted by the accessible depth of the interconnected microporosity within the 
rock mass. Many observations show, however, that the interconnected porosity extends 
throughout large volumes of the rock types abundant at Olkiluoto. The flow rate in the 
fracture also affects the coupling between transport along the fracture and the diffusion 
into the rock matrix, and, therefore, the overall retardation effect due to matrix 
diffusion. 

At Olkiluoto, the nature of fracture-coating minerals and the depth of the interconnected 
porosity and alteration halos adjacent to fractures are being investigated (Site 
Description, Chapter 8) and an in-situ investigation programme has also been started in 
the ONKALO underground laboratory that aims to quantify the diffusivity and porosity 
of the rock matrix (Aalto et al. 2009). The results of those investigations that are already 
available have been used to establish site-specific models of the rock matrix structure 
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and retention processes (Hakanen et al. 2012). Future results will be used to evaluate 
and enhance these models.  

Matrix diffusion will be relevant for all time frames after radionuclides have been 
released from the failed canister and have migrated through the buffer or through the 
backfill. Variations in the flow field [8.3.5] due to geological and climatic processes 
[10.2.1], and processes such as stress redistribution [8.2.2], erosion and sedimentation in 
fractures [8.2.6] and precipitation [8.3.2] may change the geometry of the flowing 
fracture network and, therefore, potentially affect the flow rates and flow paths.  

Overall, matrix diffusion in the geosphere is influenced by the following features of the 
repository system. 

 Radionuclide inventory: controls the radionuclides that are available for matrix 
diffusion. 

 Temperature: controls on the rate of diffusion, although this is of secondary 
importance. 

 Groundwater flux: is important because advection, together with the geometry, 
control retardation due to matrix diffusion. 

 Fracture geometry: in particular the width of flow channels and fractures, together 
with the groundwater flow, and the depth of the interconnected porosity in the rock 
adjacent to flowing fractures. 

 Rock matrix properties: these are important for defining the extent of microporosity. 

 Fracture properties: fracture-coating minerals can have different diffusion properties 
from those of the host rock. Often the diffusion coefficients are higher due to the 
enhanced microporosity of the fracture coating minerals. On the other hand, fracture 
coatings can potentially seal the surfaces of the rock and limit the potential for 
matrix diffusion. 

Uncertainties in the understanding of the FEP: 

Although matrix diffusion is a well understood and documented process, there are 
significant uncertainties regarding its quantification, in particular, with respect to the 
different matrix diffusion behaviour of anions, cations and neutral species.  

A key uncertainty is the description of matrix heterogeneity which is strongly site-
specific, and is likely to vary with depth in the geosphere and with distance from the 
major hydraulically-active fractures and alteration zones.  

Another significant uncertainty relates to the evolution of the fracture network and 
hydraulic conditions over time due to natural geological and climate processes, and due 
to repository related processes. These processes may affect the flow rate distributions in 
the bedrock. 

Couplings to other FEPs: 

Diffusion and matrix diffusion in the geosphere are directly affected by the following 
FEPs: 

 Reactivation-displacements along existing fractures [8.2.3] 

 Erosion and sedimentation in fractures [8.2.6]  

 Rock-water interaction [8.2.7] 

 Precipitation and co-precipitation [8.3.2] 
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 Groundwater flow and advective transport [8.3.5]  
Diffusion and matrix diffusion in the geosphere directly affects the following FEPs: 

 Sorption [8.3.3] 
 Groundwater flow and advective transport [8.3.5] 
 Colloid transport [8.3.6] 
References and bibliography: 

Site Description 
Olkiluoto Site Description 2011. Eurajoki, Finland: Posiva Oy. POSIVA 2011-02. 
ISBN 978-951-652-179-7. 

Aalto, P., Aaltonen, I., Kemppainen, K., Koskinen, L., Lahti, M., Lindgren, S., 
Mustonen, A., Ylä-Mella, M., Ahokas, H., Hellä, P., Andersson, J., Hakala, M., 
Hudson, J., Johansson, E., Snellman, M., Laaksoharju, M., Pedersen, K., Pitkänen, P. & 
Poteri, A. 2009. Programme for repository host rock characterisation in the ONKALO 
(ReRoC). Eurajoki, Finland: Posiva Oy. Working Report 2009-31. 64 p. 

EC 2005. Treatment of radionuclide transport in geosphere within safety assessments 
(RETROCK). Final report. Brussels, Belgium: European Commission. Report EUR 
21230 EN. 76 p. ISBN 92-79-00130-2. 

Hakanen, M., Ervanne, H. & Puukko, E. 2012. Safety case for the disposal of spent 
nuclear fuel at Olkiluoto: Radionuclide migration parameters for the geosphere. 
Eurajoki, Finland: Posiva Oy. POSIVA 2012-41. ISBN 978-951-652-221-3. 

Kaukonen, V., Hakanen, M. & Lindberg, A. 1997. Diffusion and sorption of HTO, Np, 
Na and Cl in rock and minerals of Kivetty and Olkiluoto. Helsinki, Finland: Posiva Oy. 
POSIVA 97-07. 101 p. ISBN 951-652-032-4. 

Neretnieks, I. 1980. Diffusion in the rock matrix: An important factor in radionuclide 
migration? Journal of Geophysical Research. Vol. 85, no. B8, p. 4379-4397. ISSN 
01480227. 

 

8.3.5 Groundwater flow and advective transport 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Advection-dispersion; Groundwater flow 8.3.2 and 8.3.3 

General description: 

In crystalline rocks, such as those at Olkiluoto, groundwater flow (advection) takes 
place predominantly in a fracture network and is, therefore, strongly heterogeneous on 
all scales. On a scale of metres or larger, flow is concentrated in a small number of 
flowing features, typically formed by fracture zones or along intersecting fractures. On a 
smaller scale (centimetre scale), flow within a single fracture is often channelled 
through interconnected void spaces in between any constrictions in the fracture aperture 
and filling minerals. The hydraulic properties of the rock and, hence, the velocity and 
direction of flow can vary widely throughout the rock mass. Stress redistribution [8.2.2] 
may cause fractures in the network to open or close and, therefore, may affect the 
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groundwater flow system over time. Flow through the fracture network may also be 
affected by erosion of fracture-filling minerals and sedimentation [8.2.6]. 

In the period immediately after waste emplacement, groundwater flow in the near-field 
rock is important because it controls the availability of water for uptake by the buffer 
[5.2.2] and tunnel backfill [6.2.2], and controls the time until full swelling pressure is 
achieved. During this initial period, groundwater flow in the near-field rock may also be 
affected by the temperature gradient driven by radiogenic heat output [8.2.1].  

Over much longer periods of time, groundwater flow is important because it will be the 
primary process responsible for transporting any radionuclides that are released from 
the near field through the geosphere and towards the surface environment (advective 
transport). This is not expected to occur until long after the thermal period has ended 
and, consequently, thermally driven convection in the geosphere is not considered to be 
a significant process for radionuclide transport.  

Groundwater flow will control the rate at which corrosive agents affecting the canister, 
especially sulphide, will be conveyed from the geosphere to the near field. After the 
canister has failed, groundwater flow will transport dissolved radionuclides [8.3.1] and 
potentially those in colloidal form [8.3.6], and in the gas phase by entraining bubbles in 
the flowing groundwater [8.3.7]. Radionuclide transport in flowing groundwater may, 
however, be retarded by a number of physical and chemical processes, including 
sorption [8.3.3] and matrix diffusion [8.3.4]. Precipitation is unlikely to be a significant 
retardation process in the geosphere due to the expected low radionuclide 
concentrations but co-precipitation may occur [8.3.2]. 

Groundwater flow in the geosphere is mainly driven by the hydraulic gradient which is 
the change in groundwater pressure head per unit distance. The hydraulic gradient is 
created by differences in the elevation of the groundwater table that are controlled 
mainly by the topography and sea level. Groundwater flow at depth is also affected by 
density differences between fresh and saline water bodies. Saline waters are denser than 
fresh water, and so tend to sink. Saline waters occur at depth in many crystalline rocks 
and can originate from seawater or from long-term rock-water interactions. The 
saline/fresh water interface at a coastal margin together with the groundwater table also 
affects groundwater flow patterns. Temperature also affects the density of the water, and 
can contribute to density driven flow. 

The majority of the rain and surface waters that infiltrate into the geosphere will 
circulate in the shallow, local groundwater system contained within the overburden and 
topmost part of the bedrock. Only a very small proportion of the recharge will reach the 
deep groundwater flow system [9.2.7] and can be involved in radionuclide transport 
processes within the geosphere (Pitkänen et al. 2009).  

The natural variability of groundwater flow systems in fractured crystalline rock, such 
as at Olkiluoto, will result in a significant variation in the water flow velocities and the 
transport routes through the fracture network followed by the radionuclides, leading to 
dispersion of migrating solutes (Figure 8-8). The geometry and degree of connectivity 
of the fracture network has a dominant control on the extent of dispersion that will 
occur. Dispersion can occur in the direction of flow (longitudinal dispersion) and 
perpendicular to the direction of flow (transverse dispersion). Mixing of groundwaters 
of different composition may also affect the chemical and physical retardation of 
migrating radionuclides. 
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The effect of mixing and dispersion (and matrix diffusion [8.3.4]) is that radionuclide 
concentrations in the groundwater tend to be progressively reduced as they become 
diluted over a larger volume of rock, and releases to the surface environment take place 
over a longer period of time with the maximum (peak) release delayed and more diluted 
than would be the case if mixing and dispersion did not occur.  

In response to evolving hydrogeological and climatic conditions at the surface, the 
groundwater pattern at the Olkiluoto will change over the lifetime of the repository. 
Simulations have indicated that, regardless of transient effects, the range of possible 
groundwater flow patterns at Olkiluoto will be well constrained by the site-scale 
topography and local hydraulic zones (Nykyri et al. 2008). 

Initially, continued isostatic uplift of the land will cause progressive retreat of the Baltic 
Sea and alter the groundwater flow system until about 10,000 years AP. The later onset 
of glacial conditions [10.2.2] and permafrost [10.2.3] will have an even more significant 
effect. Permafrost is estimated to develop at Olkiluoto to a maximum depth of around 
200–300 m (Hartikainen 2012). An extensive permafrost layer will effectively prevent 
infiltration and remove the hydraulic gradient, causing groundwater flow to cease. Even 
in case of discontinuous permafrost (i.e. where taliks are present), the infiltration will be 
insignificant compared with unfrozen ground conditions. The most recent estimates 
(Pimenoff et al. 2011) suggest that the present interglacial period will last until at least 
50,000 years AP.  

Groundwater flow could also be significantly affected due to methane hydrates if they 
were to form during permafrost conditions and subsequently melt rapidly, releasing 
large amounts of CH4 that could drive groundwater flow upwards [8.2.8]. 

Overall groundwater flow in the geosphere, and the advective transport of 
radionuclides, is influenced by a number of features of the repository system. 

 

 
 

Figure 8-8. Hydrodynamic dispersion on a microscopic scale.  
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 Radionuclide inventory: controls the radionuclides that are available for transport by 
groundwater flow. 

 Temperature: the geothermal gradient will have a minor influence on groundwater 
flow after the thermal period has ended. 

 Groundwater pressure: the variation in groundwater pressure (head) is the primary 
driver for groundwater flow. 

 Groundwater flux: the flux of groundwater is the primary measure of the volume of 
groundwater, and amount of dissolved radionuclides that are transported through the 
rock. 

 Rock stress: may have a local effect causing the fractures to open or close and thus 
indirectly affecting the flow. 

 Fracture geometry: the fracture geometry is a dominant control on flow in the 
geosphere because flow is restricted to the active fracture network. 

 Fracture properties: in particular, properties such as the aperture of the fracture that 
control transmissivity are important for controlling groundwater flow. 

 Groundwater composition: any differences in salinity can cause density driven flow. 

 Gas composition: is important for controlling the potential for two-phase flow which 
may influence advection. 

Uncertainties in the understanding of the FEP: 

The main driving forces for groundwater flow and advective transport through the 
fractures and deformation zones that comprise the main flow paths are well understood. 
There are, however, uncertainties associated with the different conceptualisations of the 
heterogeneous fractured crystalline rock mass in the numerical models used in 
performance assessments. Updating the site descriptive models in the ongoing site 
characterisation work at Olkiluoto is reducing the uncertainty about the location and 
characteristics of the hydro-structures and characteristics of the fracture network. 

There is also uncertainty about the connectivity and transmissivity within the fracture 
networks. The Posiva Flow Log (PFL) primarily measures the connected transmissive 
features and there are many detailed hydraulic data, which make it possible to set 
bounds on the uncertainties. There is a high level of confidence regarding the flow 
system in the central part of the island at Olkiluoto, but less confidence outside this zone 
because the locations and properties of the hydro-zones and fracture networks that 
underpin the hydrological DFN model are not as comprehensively sampled and 
measured as in the central area. 

The biggest uncertainties may, however, relate to the evolution of the groundwater flow 
conditions over time in response to both geological and climatic changes that will affect 
the hydraulic head (pressure) distribution, the rate of flow and the location of recharge 
and discharge zones. 

As well as large-scale uncertainties, there are also uncertainties associated with 
understanding of flow on a small-scale, within individual fractures, such as the coupling 
between advection in a fracture and matrix diffusion in the rock. 

Couplings to other FEPs: 

Groundwater flow in the geosphere and the advective transport of radionuclides are 
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directly affected by the following FEPs: 

 Physical degradation (of the auxiliary components) [7.2.2] 
 Transport through the auxiliary components [7.3.1] 
 Heat transfer [8.2.1] 
 Stress redistribution [8.2.2] 
 Reactivation-displacements along existing fractures [8.2.3] 
 Creep [8.2.5] 
 Erosion and sedimentation in fractures [8.2.6] 
 Rock-water interaction [8.2.7] 
 Methane hydrate formation [8.2.8] 
 Aqueous solubility and speciation [8.3.1] 
 Precipitation and co-precipitation [8.3.2] 
 Sorption [8.3.3] 
 Diffusion and matrix diffusion [8.3.4] 
 Gas transport [8.3.7] 
 Construction of a well [9.2.30] 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
 Land uplift and depression [10.2.4] 
 Inadvertent human intrusion [10.2.5] 
Groundwater flow in the geosphere and the advective transport of radionuclides directly 
affects the following FEPs: 

 Water uptake and swelling (in the buffer) [5.2.2] 
 Piping and erosion (in the buffer) [5.2.3] 
 Chemical erosion (in the buffer) [5.2.4]  
 Water uptake and swelling (in the tunnel backfill) [6.2.2] 
 Piping and erosion (in the tunnel backfill) [6.2.3] 
 Chemical erosion (in the tunnel backfill) [6.2.4] 
 Advection (in the backfill) [6.3.5] 
 Transport through the auxiliary components [7.3.1]  
 Heat transfer [8.2.1] 
 Erosion and sedimentation in fractures [8.2.6]     
 Rock-water interaction [8.2.7] 
 Methane hydrate formation [8.2.8] 
 Salt exclusion [8.2.9] 
 Microbial activity [8.2.10] 
 Aqueous solubility and speciation [8.3.1] 
 Precipitation and co-precipitation [8.3.2] 
 Sorption [8.3.3] 
 Diffusion and matrix diffusion [8.3.4] 
 Colloidal transport [8.3.6] 
 Gas transport [8.3.7] 
 Groundwater discharge and recharge [9.2.7] 
 Construction of a well [9.2.30] 
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8.3.6 Colloid transport 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Colloid facilitated transport 8.3.6 

General description: 

Colloids are small particles suspended in the groundwater that typically range in size 
from about 1 nm to 1 µm. They are natural occurring and ubiquitous in deep 
groundwaters, but may also be generated by physical and chemical processes resulting 
from the presence of the repository. In particular, colloidal particles may be released to 
the geosphere by chemical erosion of the buffer [5.2.4] and the tunnel backfill [6.2.4], 
or by chemical degradation of cementitious materials [7.2.1]. Colloids may affect the 
flow in fractures if they are transported away from the buffer and backfill and later 
deposited within the fracture network [8.2.6]. 

Radionuclide-bearing colloids may, in principle, also be formed by direct precipitation 
or co-precipitation within the geosphere, but because radionuclide concentrations in the 
geosphere are expected to be at trace levels, precipitation is not expected to be a 
significant mechanism for colloid formation [8.3.2].  

Colloidal transport of radionuclides in the geosphere cannot occur until after the canister 
has failed and radionuclides have migrated through the buffer to the geosphere. 
Radionuclide-bearing colloids would only be formed after radionuclides have diffused 
through the buffer. Colloids formed by precipitation or co-precipitation within the 
canister are expected to be filtered by the buffer [5.3.3] unless the buffer becomes 
substantially eroded. 

The radionuclides that reach the geosphere most readily under normal conditions will 
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generally be poorly sorbing and highly soluble and, therefore, are less likely to be 
associated with colloids than other radionuclides. The association mechanisms between 
radionuclides and colloids may be weak ion-exchange, stronger complexation or direct 
incorporation (EC 2005, p. 35). 

The transport and retention processes of radionuclides that become associated with 
colloids in the geosphere will be different from those of dissolved radionuclides. 
Depending on the abundance and nature of the colloids, and the characteristics of the 
fracture network, radionuclide transport may be enhanced or retarded by different 
mechanisms involving the colloids.  

Radionuclide transport may be enhanced, particularly for the sorbing nuclides, if they 
are attached to mobile colloids. In general, colloids will not be retarded by sorption or 
matrix diffusion to the same extent as dissolved radionuclides. Furthermore, 
electrostatic repulsion between the colloids and fracture-coating minerals may keep 
colloids to the central parts of the flowing fractures, where flow velocities are higher 
than the average. The maximum velocity in a fracture can, however, be only 50 % 
higher than the mean velocity. Colloids may also be attached to buoyant and mobile gas 
bubbles [8.3.7]. Radionuclide transport may be retarded, however, if nuclides are 
strongly sorbed onto immobile colloids that are subject to agglomeration and filtration 
processes in the fractures.  

In general, colloid-facilitated transport may increase radionuclide transport only if the 
following conditions are met (Gardiner et al. 2001). 

 There is a large population of colloids occurring naturally in groundwater or arising 
from the presence of the repository. 

 Fracture apertures and other pore spaces conducting flowing groundwater are 
sufficiently large to allow colloids to pass without significant physical or chemical 
filtration. 

 The groundwater chemistry is conducive to colloid stability. 

 Radionuclide sorption on colloids is favoured by electrostatic attraction and 
groundwater chemistry, and desorption processes are irreversible, or at least slow 
relative to transport times through the geosphere.  

Colloids are not expected to be stable under the high ionic strength groundwaters found 
at depth at Olkiluoto, and present-day colloid concentrations are low. In the event of 
infiltration of low ionic strength glacial water to repository depth, however, colloidal 
stability will be enhanced. These are also the conditions under which piping and erosion 
of the buffer and backfill by flowing groundwater is likely to be most significant [5.2.3 
and 6.2.3], and this would provide a source of colloids in the geosphere. 

Overall, colloid transport in the geosphere is influenced by the following features of the 
repository system. 

 Radionuclide inventory: controls the radionuclides that may be available for 
association with colloids. 

 Temperature: the stability of colloids may be temperature dependent, although this 
is only a second-order control. 

 Groundwater flux: the movement of groundwater is important for controlling the 
rate of colloid migration. 

 Fracture geometry: controls the overall flowpath for groundwater that may contain 
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colloids. 

 Fracture properties: in particular, the aperture of the fractures will control the 
potential for colloids to be filtered from the flowing groundwater. 

 Groundwater composition: controls the potential for colloid formation and the 
stability of colloids, as well as the sorption and solubility properties of 
radionuclides. 

Uncertainties in the understanding of the FEP: 

Radionuclide uptake on colloids must be considered in terms of a ternary system, where 
radionuclides are distributed between the aqueous phase, the colloids and the fixed 
(rock mineral) sorption sites. There is significant uncertainty associated with the 
understanding of such complex systems.  

The significance of colloid-facilitated radionuclide transport is increased if radionuclide 
uptake on colloids is irreversible or only slowly reversible. The understanding and 
quantification of radionuclide sorption/desorption kinetics over time frames relevant to 
performance assessment, are not well advanced.  

Filtration theory, which describes colloid immobilisation processes, works well for 
certain well-defined systems. It is, however, inadequate for many natural, heterogeneous 
geological systems.  

Finally, the evolution of the population of colloids in the geosphere (especially those 
associated with degradation of the engineered barrier system and foreign materials), and 
their mobility and stability, under different groundwater conditions are not well defined. 

Couplings to other FEPs: 

Colloid transport in the geosphere is directly affected by the following FEPs: 

 Piping and erosion (of the buffer) [5.2.3] 
 Chemical erosion (of the buffer) [5.2.4] 
 Colloid transport (in the buffer) [5.3.6] 
 Piping and erosion (of the tunnel backfill) [6.2.3] 
 Chemical erosion (of the tunnel backfill) [6.2.4] 
 Colloid transport (in the tunnel backfill) [6.3.6] 
 Chemical degradation (of cementitious materials) [7.2.1]  
 Erosion and sedimentation in fractures [8.2.6] 
 Rock-water interaction [8.2.7] 
 Microbial activity [8.2.10] 
 Aqueous solubility and speciation [8.3.1] 
 Precipitation and co-precipitation [8.3.2] 
 Sorption [8.3.3] 
 Diffusion and matrix diffusion [8.3.4] 
 Groundwater flow and advective transport [8.3.5]  
 Gas transport [8.3.7] 
Colloid transport in the geosphere directly affects the following FEPs: 

 Aqueous solubility and speciation [8.3.1] 
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8.3.7 Gas transport 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Two-phase flow 8.3.5 

General description: 

Dissolved gases occur in most deep groundwater systems and are commonly derived 
from: 

 air dissolved in groundwater during recharge (predominantly N2, O2, Ar); 

 dissolved gases produced in the bedrock by radioactive decay (He, Ar, Rn); 

 crustal degassing and diffusion (He, N2, CH4, H2); and 

 thermogenic and microbial processes (CH4 and heavier hydrocarbons, H2S, CO2, 
N2). 

In the repository near field, additional gas may also be formed by radiolysis of the 
canister water [3.2.6], anaerobic corrosion of the iron insert of the canister [4.2.6] and 
microbial activity in the buffer [5.2.8] and tunnel backfill [6.2.7]. Of these, anaerobic 
corrosion of iron will produce the greatest volume of gas (hydrogen) under the expected 
near-field conditions. Rapid evolution of gas in the geosphere is also possible if 
postulated methane hydrates were to melt, causing the release of significant amounts of 
CH4 [8.2.8]. 

The solubility of gases in groundwater depends mostly on the hydrostatic pressure and 
temperature. Their solubility tends to increase with depth, due to the increase in 
hydrostatic pressure, but is reduced by an increase in groundwater temperature and 
salinity.  

A free gas phase (bubbles) will form if the aggregate partial pressure of the dissolved 
gases exceeds the hydrostatic pressure. This typically occurs when groundwater flows 
from depth towards the surface and the hydrostatic pressure becomes progressively 
lower. Once a free gas phase has formed in the groundwater, a two-phase (water and 
gas) system is created. In a fractured crystalline rock, the free gas will migrate upwards 



356 

 

 

through the fracture network towards the surface.  

Two-phase flow may occur in the period shortly after closure of the disposal facility, 
when air trapped in the excavations and in fractures in the rock is displaced or is 
dissolved by groundwater saturating the near field. This will be a transient process and 
is unlikely to affect the remainder of the geosphere. 

Two-phase flow involving radionuclides cannot occur until after the canister has failed 
and radionuclides have migrated through the buffer or backfill to the geosphere. 
Depending on the characteristics of the fracture network and the groundwater flow 
system [8.3.5], the transport of radionuclides in a two-phase system may be enhanced or 
retarded by different mechanisms. The significance of a gas phase is very largely 
dependent on the volume of free gas present. 

Enhanced radionuclide transport may occur if the radionuclides are directly 
incorporated into gases (e.g. C-14 in methane) and the gas bubbles move freely through 
the fractures due to their buoyancy, allowing them to travel faster than the mean 
groundwater flow rate. In addition, other radionuclides in colloidal form may also be 
carried with the mobile bubbles, because colloids are often preferentially attached to the 
gas-water interface (i.e. the bubble surface). Radionuclides dissolved in the groundwater 
may also be pushed ahead of the gas bubbles as they travel through the fractures, 
causing a localised groundwater flow rate faster than otherwise. 

Radionuclide transport may be retarded, however, if radionuclides are associated with 
gas bubbles that become trapped and accumulate within kinks and bends in fractures, 
forming an airlock. These trapped bubbles will also restrict further groundwater flow 
through the fractures, because the groundwater cannot pass through the accumulation of 
trapped gas. 

At Olkiluoto, the most abundant naturally occurring dissolved gases are CO2, H2, N2, O2 
and He. In addition, the deep, saline groundwaters also contain methane close to its 
saturation point (Gascoyne 2005, Pitkänen et al. 2004, Pitkänen & Partamies 2007). The 
impact of these gases on the current groundwater flow system is low, however, because 
they remain in solution. 

The most important consideration for the repository, after waste disposal, is the high 
CH4 concentration in the deep, saline groundwater. Continuous accumulation of CH4 
over time could lead to the formation of a free gas phase in the geosphere if the gas 
solubility decreased due to heat output from the spent nuclear fuel [8.2.1] or due to 
upconing of deeper groundwater. The first of these mechanisms is not likely to be 
significant for radionuclide transport under normal conditions, however, because most 
of the canisters are expected to remain intact long after the thermal phase has ended. 
The significance of the second mechanism in the very long term is uncertain because it 
depends on future geological and climate variability.  

Both CH4 and H2 are also important gases that can be used by microbes in sulphate 
reduction processes in the geosphere. 

Overall, gas transport in the geosphere is influenced by the following features of the 
repository system. 

 Radionuclide inventory: controls the radionuclides that may be available for gas 
transport. 

 Temperature: is a first-order control on gas solubility. 
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 Groundwater pressure: the hydrostatic pressure is also a first-order control on gas 
solubility. 

 Groundwater flux: the movement of water is important for controlling the transport 
of entrained gas bubbles. 

 Fracture geometry: the geometry of the fracture network controls the transport of 
any free gas once it forms and, in particular, determines whether it can move 
upwards due to buoyancy or instead form an air-lock. 

 Groundwater composition: is fundamental because the concentration of dissolved 
gases in the groundwater is a primary control over the formation of a free gas phase. 

 Gas composition: different gases and compositions will present different solubilities 
under the expected geosphere conditions. 

Uncertainties in the understanding of the FEP: 

There is a good fundamental understanding of the gas formation and two-phase flow 
processes. It is uncertain, however, whether the rate of gas generation will be sufficient 
to enable two-phase flow to occur in the geosphere and, if it does, whether it will be 
significant in controlling radionuclide transport processes.  

The potential for gas generation at Olkiluoto due to the methane content of the deep, 
saline groundwaters remains an open question.  

Couplings to other FEPs: 

Gas transport in the geosphere is directly affected by the following FEPs: 

 Gas transport (through the buffer) [5.3.7] 
 Gas transport (through the tunnel backfill) [6.3.7] 
 Rock-water interaction [8.2.7] 
 Methane hydrate formation [8.2.8] 
 Aqueous solubility and speciation [8.3.1] 
 Groundwater flow and advective transport [8.3.5]  
Gas transport in the geosphere directly affects the following FEPs: 

 Groundwater flow and advective transport [8.3.5]  
 Colloid transport [8.3.6] 
 Gas origin and implications (in the surface environment) [9.2.22] 
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9 SURFACE ENVIRONMENT  

9.1 Description 

The surface environment is a complex and highly coupled system but, for convenience, 
can broadly be divided into two main sub-systems: terrestrial and aquatic. 

Terrestrial: This includes all of the soils and near-surface groundwaters, plus the 
animals, plants and fungi that occur on land. The terrestrial sub-system also includes the 
atmosphere. The terrestrial sub-system in present-day Finnish conditions is broadly 
characterised by a small number of ecosystem types, notably forests and mires, together 
with agricultural land. Humans inhabit the terrestrial sub-system and they will have a 
significant impact on its future evolution, through actions such as agriculture, forest and 
peatland management. Humans also consume animals and plants that are either farmed 
or wild.  

Aquatic: This includes the open surface water bodies, such as rivers, lakes and the sea, 
including anything that is dissolved or suspended in the water, such as colloids, together 
with the bottom sediments and all the littoral, benthic and pelagic animals and plants 
that occur. Humans will influence the aquatic sub-system through actions such as 
damming of rivers. Humans also consume animals (mostly fish) and plants that are 
either farmed or wild. 

There are clearly a number of connections and influences between the terrestrial and 
aquatic sub-systems, and so they cannot be considered in isolation. There are also 
couplings with the geosphere (Chapter 8). For example, deep groundwater flowing 
through the geosphere [8.3.5] may be directly discharged to the terrestrial or aquatic 
sub-system [9.2.7].  

In addition to the FEPs shown in Table 9-1, a few FEPs have been identified that are 
internal to the overall Terrestrial and Aquatic sub-systems as a whole, since they are not 
straight forward associated to their sub-components (see Sections 9.2 and 9.3): 

Terrestrial sub-system: well, erosion and topography;  

Aquatic sub-system: erosion and topography.  

The terrestrial and aquatic sub-systems will also be substantially affected by climate 
evolution [10.2.1], most significantly by changes in the amount of precipitation and 
temperature. 

9.1.1 Long-term safety 

The surface environment is of fundamental importance to long-term safety because it is 
the system in which exposures of humans and other biota to repository-derived 
substances may occur. In broad terms, any radionuclides that migrate out of a failed 
canister and through the engineered barriers and the geosphere, may be discharged to 
the surface environment and migrate through it, due to the many dynamic processes that 
occur, or be taken up by various biota through the food chain. 
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Table 9-1. The overall interaction matrix for the surface environment, showing the 
terrestrial and aquatic sub-systems, and their relationship with the other disposal 
system components addressed in this report. FEPs in italics are addressed in other 
chapters. A short name for some of the FEPs is used in the table: GW flow 
(Groundwater flow and advective transport), GW discharge & recharge (Groundwater 
discharge and recharge). 

 

In the Olkiluoto region, humans inhabit the surface environment, actively farm animals 
and crops, and take foodstuffs from the wild, and so will potentially be exposed to any 
repository-derived radionuclides that are associated with the environmental media, food 
or contained in drinking water (Biosphere Description). Human activities will have a 
very significant impact on both the evolution of both the terrestrial and aquatic sub-
systems. Management of the land, particularly agricultural practices, will cause 
redistribution of radionuclides within the surface environment. 

The many coupled processes occurring in the surface environment will affect the fate of 
radionuclides, these processes will result in migration, mixing, dispersion and, 
potentially, reconcentration of radionuclides. Quantifying the potential radiation 
exposure requires, therefore, a detailed conceptual understanding of the many processes 
and their couplings (Biosphere Assessment).  

Due to the inherent uncertainty associated with predicting the evolution of the surface 
environment and the climate, performance assessment models usually adopt a set of 
assumptions that describe its changing characteristics over time. The description of the 
surface environment is, therefore, more closely linked to modelling assumptions and 
approaches than is the case with the other components of the disposal system, such as 
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the engineered barriers or the geosphere. In particular, the regulator has specified that, 
when undertaking safety cases for regulatory submission, it is acceptable to assume that 
the climate type and human habits remain unchanged during the time window for which 
the dose constraints apply (Guide YVL D.5, Draft 4). In other words, it is sufficient to 
assume the present-day climate type and environmental conditions, and human 
behaviour, when developing conceptual and mathematical models for the surface 
environment. This regulatory approach is reflected, to some degree, in the identification 
and description of the surface environment FEPs below. For example, there are no 
herded animals (e.g. reindeer) in the Olkiluoto area and, consequently, FEPs related to 
herding are excluded.  

The regulations also require that the quantitative dose assessment is performed for the 
period when the radiation exposure to humans can be assessed with sufficient reliability 
(taken to be a period of only several millennia). A consequence of this relatively short 
time window is that the fate of certain radionuclides is not significant in the context of 
Posiva’s biosphere assessment. For example, during this period, only a small amount of 
Ra-226 is expected to be released into the surface environment (Vieno & Ikonen 2005, 
Nykyri et al. 2008). As a consequence, consideration of the effects of Ra-226 and its 
daughter Rn-222 are excluded from this chapter. 

9.1.2 Overview of the potentially significant FEPs 

There are a number of FEPs that are considered to be potentially significant for the 
long-term evolution of the surface environment and the exposure of humans and the 
environment to repository-derived radionuclides. Due to the dynamic nature of the 
surface environment, FEPs that cause its evolution are likely to cause the migration and 
redistribution of any repository derived radionuclides that are present. For this reason, 
the FEPs are not explicitly categorised as predominantly system evolution or migration 
related, as is done in the case of the engineered barriers and geosphere. Instead, the 
FEPs are described here in terms of the two main sub-systems, Terrestrial and Aquatic. 
The following FEPs are identified as potentially significant (an asterisk after a terrestrial 
FEP indicates that it is also relevant in the aquatic sub-system): 

Terrestrial Processes 

9.2.1  Erosion* 

9.2.2  Degradation* 

9.2.3  Podzolisation 

9.2.4  Agriculture and aquaculture* 

9.2.5  Forest and peatland management 

9.2.6  Infiltration  

9.2.7  Groundwater discharge and recharge* 

9.2.8  Runoff* 

9.2.9  Drainage 

9.2.10  Capillary rise 
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9.2.11  Uptake* 

9.2.12  Evapotranspiration  

9.2.13  Translocation* 

9.2.14  Litterfall 

9.2.15  Bioturbation* 

9.2.16  Migration of fauna*  

9.2.17  Senescence* 

9.2.18  Atmospheric deposition* 

9.2.19  Atmospheric resuspension 

9.2.20  Diffusion* 

9.2.21  Sorption* 

9.2.22  Gas origin and implications*  

9.2.23  Ingestion of food* 

9.2.24  Inhalation of air*  

9.2.25  Respiration*   

9.2.26  External radiation from the ground 

9.2.27  Exposure from radiation sources 

Terrestrial Features and Events 

9.2.28  Topography* 

9.2.29  Well 

9.2.30  Construction of a well  

9.2.31  Food source potential* 

9.2.32  Dietary profile* 

9.2.33  Demographics*  

9.2.34  Exposed population* 

Aquatic Processes 

9.3.1  Terrestrialisation 

9.3.2  Advection  

9.3.3  Dispersion 

9.3.4  Water exchange  

9.3.5  Sedimentation and resuspension 

9.3.6  Ingestion of drinking water 

Aquatic Features and Events 

9.3.7  Flooding 
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9.3.8  Water source potential 

As seen above, many FEPs occur in both the terrestrial and aquatic sub-systems. In such 
cases, the FEP is described in the section on the terrestrial sub-system, but the 
description includes, where appropriate, also material relevant to the aquatic sub-
system. 
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9.2 Terrestrial subsystem FEPs 

The terrestrial sub-system in the Olkiluoto region is characterised by a range of different 
ecosystems, such as forest, mires, agricultural land and terrestrial shorelines. The 
potential interactions associated with these ecosystems are shown in the interaction 
matrix (Table 9-2). 

In addition to the FEPs shown in Table 9-2, a number of FEPs have been identified that 
are internal to each system component: 

 Atmosphere (local): none; 

 Plants and fungi: food source potential, senescence, translocation; 

 Litter: food source potential, gas origin and implications, senescence;  

 Soil: agriculture, advection, bioturbation, capillary rise, diffusion, drainage, food 
source potential, gas origin and implications, podzolisation, sorption, water source 
potential; 

 Animals: food source potential; 

 Livestock: food source potential; 
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 Man: demographics, dietary profile, exposed population. 

System components 

 Atmosphere (local): The atmosphere is the layer of gases (nitrogen, oxygen, argon, 
carbon dioxide, water vapour) surrounding the Earth that is retained by gravity. The 
local atmosphere in this context consists of the air mass from the ground surface up 
to the plant canopy level. Precipitation is included as part of the local atmosphere. 

 Plants and fungi: Plants provide the primary production in the terrestrial system. 
They consist of roots (fine roots including mycorrhizae, and other roots), stem (in 
some plant families’ also bark and wood), foliage and fruits, seeds and/or flowers. 
Mushrooms are the enlarged complex above-ground fleshy fruiting body of a 
fungus. They consist typically of a stem bearing a cap (pileus) which is typically a 
flattened spore-bearing structure expanded with gills or pores on the underside of 
fungi.  

 Litter: By senescence and death, the plants form the litter layer, into which dead 
plant material, pollen and seeds are incorporated. 

 Soil: Soil is the unconsolidated mineral or organic material on the land surface that 
serves as a natural medium for the growth of plants. Soils provide water, nutrients, 
physical support and habitat to the flora and fauna. Soil consists of mineral and 
organic matter at various stages of decomposition, biomass formed by microbes and 
soil fauna, water, air and a gaseous component. 

 Animals: comprise those living in the terrestrial environment both on the soil and 
burrowing within it, except animals kept as livestock. It includes wild animals and 
burrowing biota. Mammalian species can be identified by the presence of sweat 
glands. Most mammals are land animals, although there are mammals, such as seals 
and beavers that predominantly live in aquatic systems. Birds are feathered, winged, 
bipedal, endothermic, egg-laying, vertebrate animals. Insects are small invertebrates 
which have a hard exoskeleton. 

 Livestock: Livestock encompasses any breed or population of (domestic, semi-
domestic or captive wild) animals kept by humans for subsistence or for profit. It is 
common that livestock are kept in an agricultural setting to produce commodities 
such as meat, milk, and/or fibres (such as sheep wool).  

 Man: Man refers to humans as an organism. The component Man includes the 
characteristics, habits and activities of humans. 
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Table 9-2. The interaction matrix for the Terrestrial sub-system in the Surface environment, including interactions with the Aquatic sub-
system. A short name for some of the FEPs is used in the table: Agri- & aquaculture (Agriculture and aquaculture), External radiation 
(External radiation from ground), Forest & peatland mgmt (Forest and peatland management). 
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FEP descriptions 

Various FEPs (and their couplings) will affect the evolution of the terrestrial sub-
system. In turn, these FEPs can affect the migration of radionuclides and other 
substances through the surface environment and the radiation exposure of humans and 
the environment. The following descriptions summarise each of these FEPs and the 
effects of the other FEPs on them. Characteristics relevant for the aquatic sub-system 
are also included, where appropriate, in the descriptions for terrestrial FEPs, while those 
relevant only for the aquatic sub-system are presented later (Section 9.3). 

 

9.2.1 Erosion 

Type: Class: 

Process System evolution; Migration 

Alternative names: Number in 2007-12: 

Mass wasting Not applicable 

General description: 

Erosion is a natural process causing the transport and removal of rocks, soils and 
sediments in the surface environment. Sedimentation is the natural process by which 
eroded materials are deposited and accumulate in water bodies such as rivers and lakes 
[9.3.5], but eroded materials can also be deposited on land. 

Rock can be weathered by a combination of physical, chemical and biological 
processes, causing size reduction and alteration of its constituent minerals. Erosion, and 
transport of the products of weathering, can be caused by water (fluvial erosion), wind 
(aeolian erosion) or ice (glacial erosion). In the Olkiluoto region, the rates of erosion are 
influenced by land uplift [10.2.4] and the topography [9.2.28], which also affect the 
potential for erosion and the pathways for movement of eroded materials, and control 
the areas where sedimentation [9.3.5] will occur. 

The erosion of the land surface will cause denudation by the removal of sediments and 
soils, which can cause land degradation [9.2.2]. The transport and deposition of eroded 
material can result in, for example, terrestrialisation [9.3.1] and the silting of rivers and 
deltas. Small-scale effects during sedimentation include downward movement and 
packing of soil particles. Erosion also occurs within aquatic sediments due to the 
movement of water flowing over them, causing sediment particles to become suspended 
and carried in the water column. 

In addition to natural processes, erosion can be accelerated by human intervention, 
through deforestation, over-grazing and poor farming practices [9.2.4] (Zapata & 
Garcia-Agudo 2000). Soil erosion is globally a major agricultural and environmental 
issue that can cause significant change to the surface environment over time. The 
process causes not only on-site degradation of non-renewable natural resources, such as 
nutrient-rich fertile soils, but also off-site problems such as downstream sediment 
deposition in fields, as well as on flood plains and in water bodies.  

Erosion in a discharge area may cause the lateral movement (migration) of any 
contaminants associated with the eroded materials or it may bring uncontaminated soil 
into the area, and thereby reduce local contamination concentrations. Alternatively, 
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sedimentation may introduce eroded contaminated material into a previously 
uncontaminated area, such as agricultural fields used for crops. Erosion and 
sedimentation processes can redistribute contaminants between terrestrial and aquatic 
areas (Garisto et al. 2004, Goudie 1990). 

Uncertainties in the understanding of the FEP: 

The mechanisms for erosion are well understood. The key uncertainties relate to a lack 
of data (e.g. on erosion rates for different climate condition). Traditional monitoring and 
modelling techniques to quantify soil erosion and sedimentation are performed but 
usually require a large number of samples and years of measurements. More recently 
developed techniques, such as optically stimulated luminescence and other 
luminescence techniques, can also help date and hence quantify erosion rates. 

Couplings to other FEPs: 

Erosion is directly affected by the following FEPs: 

Agriculture and aquaculture [9.2.4] 

 Forest and peatland management [9.2.5] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Topography [9.2.28] 
 Climate evolution [10.2.1] 
 Glaciation [10.2.2] 
 Land uplift and depression [10.2.4] 

Erosion directly affects the following FEPs: 

 Degradation [9.2.2] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Drainage [9.2.9] 
 Atmospheric resuspension [9.2.19] 
 Sorption [9.2.21] 
 External radiation from the ground [9.2.26] 
 Topography [9.2.28] 
 Terrestrialisation [9.3.1] 
 Sedimentation and resuspension [9.3.5] 
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9.2.2 Degradation 

Type: Class: 

Process System evolution; Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Soil degradation means reduction or loss in soil quality and quantity affecting the 
biological or economic productivity and complexity of rain fed cropland, irrigated 
cropland, or range, pasture, forest and woodland. There are also off-site effects, such as 
loss of watershed function.  

Soil quality relates to the chemical, physical and biological properties of the soil, and 
how these are distributed throughout the soil profile. Indicators that describe soil quality 
are pH, organic matter content, plant-available nutrients, porosity, grain size 
distribution, water permeability and retention capacity, topsoil depth, presence of 
chemicals toxic to plants or plant consumers, etc. These properties vary vertically within 
the soil profile and horizontally from site to site. They also interact. Therefore, soil 
quality cannot easily be described by one variable or an index.  

Agricultural practices [9.2.4] fundamentally influence soil characteristics over time. Soil 
nutrient levels are improved by adding manure or fertiliser, acidity is reduced by adding 
lime and water availability is optimised through drainage or irrigation. However, 
agriculture also entails degradation processes: soil erosion, soil compaction and 
crusting, nutrient depletion and waterlogging. Pollution, acidification, alkalisation, and 
waterlogging are often important locally. The impact of agricultural practices on soil 
degradation depends to a large extent on whether or not sustainable practices are 
adopted. 

Soils vary in their resilience to these forms of degradation depending on characteristics 
such as slope, soil texture, climate, and cropping pattern. Some aspects of soil 
degradation are less easily reversed than others. Thus, terrain deformation by gully 
erosion, or total topsoil loss from erosion, or the wiping out of native soil fauna is more 
irreversible than a negative nutrient balance, or surface sealing and crusting. Off-site 
and downstream effects include siltation of dams and waterways, nutrient runoff 
causing eutrophication, and pesticide runoff. In some locations, wind-blown soils inflict 
damage on wide areas. Reduction of soil organic matter also releases CO2 and CH4 to 
the atmosphere, contributing to global warming. 

Soil degradation has direct and indirect effects on water degradation. These are 
generally as a result of either decreased water quantity (or flow) and water quality. 
Eutrophication stimulates the growth of aquatic flora and/or fauna. 

Degradation may affect the radionuclide transfer and exposure pathways in the surface 
environment. Degradation will also affect the sorption [9.2.21] and retention capacity of 
the soils in, and downstream of, the discharge zones, and thus affect the transfer of 
radionuclides from soils to plants. Any radionuclides sorbed to soils may be released 
and become mobile if degradation occurs. 
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Uncertainties in the understanding of the FEP: 

Degradation processes are well understood at a conceptual level, but there are 
uncertainties in the site-specific and regional data concerning the spatial extent of 
degraded soils and likely rates of future degradation. 

Some information at the local and regional scales is available but, due to different 
definitions and terminology, the data are subject to considerable uncertainty. Global 
assessment of degradation is not an easy task, and a wide range of methods have been 
used.  

Human activity is the main cause of soil degradation. Agriculture plays a large part in 
soil degradation, especially clearing, irrigation, the spreading of chemical fertilisers and 
pesticides, overgrazing and even the passage of heavy farming equipment.  

Large areas of organic wetland (peat) soils are currently drained and cleaned for 
agriculture, forestry, and peat extraction. The drainage and cleaning of peatlands have 
both short- and long-term effects on hydrological processes, and the magnitude of the 
effects is dependent on local conditions. In addition, these practices not only destroy the 
habitat of many species, but also fuels climate change. 

A major shortcoming in the available information is the lack of relationships between 
the severity of degradation and productivity for different geographical contexts and land 
uses.  

Couplings to other FEPs: 

Degradation is directly affected by the following FEPs: 

 Erosion [9.2.1] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Topography [9.2.28] 
 Climate evolution [10.2.1] 
 Land uplift and depression [10.2.4] 

Degradation directly affects the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Sorption [9.2.21] 
 External radiation from the ground [9.2.26] 
 Sedimentation and resuspension [9.3.5] 
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9.2.3 Podzolisation 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Podzolisation, the natural acidification of soil, is a slow process that started on the 
surficial parts of mineral soils after the Weichselian glaciation, about 10,000–9000 
years ago, when vegetation spread to Finland. Owing to the evolution of the Baltic Sea, 
the oldest podzols are in the supra-aquatic areas of northern and eastern Finland. On 
western and southern coastal areas, podzols are younger and less well developed 
because these areas have more recently been exposed due to land uplift [10.2.4].  

The main factors affecting the chemical, physical and biological properties of podzols 
are the mineralogy and texture of the primary soil, together with the climate [10.2.1] 
and topography [9.2.28]. Typical podzol horizons have tended to develop in till, sand 
and gravel soils as a result of chemical differentiation (Aaltonen 1939, Jenny 1941). A 
high soil moisture content, persistent anaerobic conditions and poor decomposability of 
the plant litter all result in a gradual accumulation of an organic layer comprising acidic, 
partially decomposed litter and humus layers in the surface soil. The organic acids 
formed by the decomposition of plant materials, together with root and microbiological 
processes, cause acidification of the surface zone, and promote leaching of nutrients and 
trace elements from the mineral components in the soil (Boyle & Voigt 1973).  

Podzols are characterised by a strongly leached, low in base cations and light-coloured 
eluvial horizon immediately below the organic layer, and a reddish illuvial horizon 
below the eluvial horizon, caused by the downward migration of the leached fraction 
from the eluvial soil. The chemically modified, surficial horizons of podzols are 
underlain by relatively unweathered parent material. The geochemical composition of 
this material determines the elemental composition of upper soil horizons to a 
considerable extent, and the vegetation that develops at the site (Boyle & Voigt 1973, 
Binkley & Richter 1987, Andersson 1988). Acidic parent materials, high leaching 
capacity and acid litter from coniferous trees are all conducive to podzolisation. 

The development of podzols may be significant because it may change the radionuclide 
sorption and retention capacity of the soils in, and downstream of, the discharge zones, 
and thus affect the uptake of radionuclides from soils to plants [9.2.11]. Any 
radionuclides sorbed to soils may be released and become mobile if podzolisation 
occurs. Radionuclides may be released from the eluvial horizon but accumulated in the 
illuvial horizon.  

Uncertainties in the understanding of the FEP: 

The podzolisation process is quite well understood at conceptual level, but there are 
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considerable uncertainties regarding the site-specific and regional data on the present-
day extent and likely rate of future development of podzols. 

Couplings to other FEPs: 

Podzolisation is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Infiltration [9.2.6] 
 Litterfall [9.2.14] 
 Topography [9.2.28] 
 Climate evolution [10.2.1] 

Podzolisation directly affects the following FEPs: 

 Uptake [9.2.11] 
 Bioturbation [9.2.15] 
 Sorption [9.2.21] 
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9.2.4 Agriculture and aquaculture 

Type: Class: 

Process System evolution; Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Agriculture refers here to the overall practice of organised food production involving 
both plant crops and animals. Man’s effect on aquatic livestock is called Aquaculture, 
and it is also treated within this FEP. 



372 

 

 

Any radionuclides associated with agricultural practices and the foodstuffs that are 
produced will be available for ingestion [9.2.23]. Furthermore, there are many activities 
involved in agriculture and they can have a considerable influence on the surface 
environment, such as by accelerating erosion [9.2.1] and by changing the natural 
drainage patterns [9.2.9]. These activities may significantly affect the fate of 
radionuclides within the terrestrial and aquatic sub-systems. 

In broad terms, agricultural practices can be grouped into a few main activities that have 
the greatest potential for increasing the amounts of ingested foodstuffs and causing 
significant redistribution of radionuclides. In Finland, these agriculture practices and 
food production vary considerably by season. 

Cultivation: refers to the planting, management and harvesting of crops or plants, 
including preparation of the soil to promote their growth. Important components of 
cultivation are tillage (the agricultural soil management by mechanical agitation of 
various types, such as digging, stirring, and overturning), crop fertilisation (addition of 
mineral fertilisers or manure in order to increase crop yield and quality) and crop 
protection (includes a number of actions, e.g. weeding and application of pesticides and 
herbicides).  

Irrigation: is the use of abstracted water to supplement natural supplies (rainfall and soil 
water) to gardens and agricultural crops. The irrigation water can be taken from surface 
water bodies (such as rivers, lakes and natural springs) or from aquifers via a well 
[9.2.29]. The two most common types of irrigation methods are aerial irrigation (spray 
irrigation) and drip irrigation with infiltration tubing on the ground. Horticultural crops 
are commonly irrigated if there are sources of irrigation water. Potatoes and 
horticultural crops may also be irrigated to protect small plants against frost damage in 
early summer. The rate of irrigation that will be required will depend on the crop being 
grown and the amount of natural precipitation and evapotranspiration, which will vary 
seasonally. In an irrigation event, typical for the Olkiluoto region, about 30 mm 
(equivalent to 300 m3/ha) is applied, with the majority of the irrigation water taken from 
lakes and rivers. 

Animal husbandry: refers to the practice of breeding and raising livestock. This is 
mainly undertaken for meat or milk production. The animals will consume feed and 
water that will be locally derived. Grass and cereals for feed production can be grown 
basically on all soils; hence, animal husbandry tends to use less fertile fields than 
special crops and horticulture. Manure generated by animal husbandry may be spread 
on fields as an organic fertiliser, and provides an additional route for the potential 
redistribution of radionuclides. 

Fish farming: is a form of aquaculture that refers to the raising of fish in enclosures or 
tanks for food. Farming is carried out in fish cages and fish are fed artificially with 
pellets that are made of fishmeal and oil (Goldburg & Naylor 2005). In Finland, 
commercial fish farming is focused on the coastal area of the Archipelago and Bothnian 
Sea. In 2009, the total number of food fish farms in Varsinais-Suomi region (including 
Olkiluoto area) was 70 and total production of farmed fish was 3553 tonnes of ungutted 
fish (Finnish Game and Fisheries Research Institute 2010, Tables 9 and 10). The main 
farmed fish species are rainbow trout (Oncorhynchus mykiss) and whitefish (Coregonus 
lavaretus). 

There is a considerable amount of information and knowledge concerning agricultural 
practices in Finland and other parts of the world. Agricultural statistics are collected at 
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the municipality level and further integrated for Rural Centres or Employment and 
Economic Development Centres (EEDC). In the municipalities of Southern Satakunta 
(the region in which Olkiluoto is situated) there are 1250 farms, of which about 200 are 
located in the Eurajoki municipality. Cereal production is the main agricultural 
production system on the majority of these farms (Figure 9-1) Other crops include, peas, 
potatoes, sugar beet and oil plants (turnip rape, oilseed rape, sunflowers). 

The nature and extent of future agriculture practices will depend on the requirements of 
the population and are, therefore, related to demographics [9.2.33] but will also be 
strongly influenced by climate evolution [10.2.1] that will limit the types of plants and 
animals that can be supported through agriculture. 

 
  

 

Figure 9-1. The main production systems on farms in Eurajoki, Southern Satakunta and 
the Satakunta Employment and Economical Development Centre in 2008. From 
www.matilda.fi. 

 

Uncertainties in the understanding of the FEP: 

The concept of agriculture is very well understood, and current agricultural practices are 
well quantified. The greatest uncertainty relates, however, to predicting the habits and 
behaviour of future generations, for example, how they will use the land and water.  

Although real, the significance of this uncertainty is reduced because the regulatory 
guide specifies that the climate type, as well as the human habits, can be assumed to 
remain unchanged during the time window over which the dose constraints apply 
(Guide YVL D.5, Draft 4). An understanding of present-day agricultural practices is, 
therefore, sufficient for regulatory purposes. The key uncertainty is then determining the 
variation within and between existing individual farms in the Olkiluoto region.  

Couplings to other FEPs: 

Agriculture and aquaculture is directly affected by the following FEPs: 

 Erosion [9.2.1] 
 Degradation [9.2.2] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 



374 

 

 

 Topography [9.2.28] 
 Dietary profile [9.2.32] 
 Demographics [9.2.33] 
 Climate evolution [10.2.1] 
 Land uplift and depression [10.2.4] 
Agriculture and aquaculture directly affects the following FEPs: 

 Erosion [9.2.1] 
 Degradation [9.2.2] 
 Podzolisation [9.2.3] 
 Forest and peatland management [9.2.5] 
 Infiltration [9.2.6] 
 Groundwater recharge and discharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Uptake [9.2.11] 
 Evapotranspiration [9.2.12] 
 Translocation [9.2.13] 
 Litterfall [9.2.14] 
 Bioturbation [9.2.15] 
 Migration of fauna [9.2.16] 
 Senescence [9.2.17] 
 Atmospheric deposition [9.2.18] 
 Atmospheric resuspension [9.2.19] 
 Diffusion [9.2.20] 
 Gas origin and implications [9.2.22] 
 Ingestion of food [9.2.23] 
 Respiration [9.2.25] 
 Food source potential [9.2.31] 
 Dietary profile [9.2.32] 
 Demographics [9.2.33] 
 Exposed population [9.2.34] 
 Terrestrialisation [9.3.1] 
 Sedimentation and resuspension [9.3.5] 
 Water source potential [9.3.8] 
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9.2.5 Forest and peatland management  

Type: Class: 

Process System evolution; Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Forestry is the organisation, control, regulation and administration of wooded areas for 
specified purposes, such as to produce various products and benefits including timber, 
wildlife habitat, clean water, biodiversity and recreational facilities. This FEP covers 
both mineral soil forests and peatlands (also called mires), of which the latter brings 
peat production for energy, growing media and other products into the previous list.  

Forestry is particularly important in Finland which has the greatest proportion of 
forested land of any European country (23 million hectares, equivalent to 75 % of the 
land area). The unproductive, treeless areas raise the coverage to 86 %. As such, the 
human activities involved in forestry (e.g. logging) and the natural processes that take 
place during tree growth, e.g. litterfall [9.2.14], can have a considerable influence on the 
surface environment and may have a significant effect on the fate of any radionuclides 
present. Aspects of forestry include the following. 

Silviculture: the practice of controlling the establishment, growth, composition, health, 
and quality of forests to meet diverse needs and values of the many landowners, 
societies and cultures. Roughly 2 % of commercial forests in Finland are harvested 
annually, which includes both thinning and logging.  

Forest management: involves caring for a forest so that it stays healthy and vigorous 
and provides the products and values the landowner desires. 

Peat production: peat extraction to provide energy, growing media and other products. 

Forest protection: a general term describing methods to preserve or improve a forest 
threatened or affected by pests and diseases, or adverse human activities. 

The overall management of forests is controlled by policy and legislation, which lay 
down provisions on the restrictions and preconditions for the use of commercial forests.  

Any radionuclides associated with forests may be redistributed depending on the 
management practices that are applied.  

The future nature of forests, and therefore their management, is dependent on climate 
evolution [10.2.1]. The viable tree species depend on the climate, and as future climatic 
conditions may be different from those today, different species may be grown and 
radionuclides associated with present-day forests may be redistributed. The sub-class of 
peatlands is characteristic of wet climate conditions and as future conditions may be 
drier than today, these areas may dry up resulting also in redistribution of any 
radionuclides associated with them. Peatlands may also be dried as a result of human 
activities. 

Future forests are also dependent on demographic considerations [9.2.33], and areas of 
forest may be cleared to fields or reforested, or new areas of forest established, 
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depending on the requirements of future populations. 

Uncertainties in the understanding of the FEP: 

The concept of forestry is very well understood, and current practices are well 
quantified. The greatest uncertainty relates, however, to predicting the future extent and 
composition of forests and the management practices that will be applied to them. 

Although real, the significance of this uncertainty is reduced because the regulatory 
guide specifies that the climate type, as well as the human habits, can be assumed to 
remain unchanged during the time window over which the dose constraints apply 
(Guide YVL D.5, Draft 4). An understanding of present-day forest management is, 
therefore, sufficient for regulatory purposes. 

 

Couplings to other FEPs: 

Forest and peatland management is directly affected by the following FEPs: 

 Erosion [9.2.1] 
 Degradation [9.2.2] 
 Agriculture and aquaculture [9.2.4] 
 Drainage [9.2.9] 
 Uptake [9.2.11] 
 Topography [9.2.28] 
 Demographics [9.2.33] 
 Climate evolution [10.2.1] 
 Land uplift and depression [10.2.4] 

Forest and peatland management directly affects the following FEPs: 

 Erosion [9.2.1] 
 Degradation [9.2.2] 
 Podzolisation [9.2.3] 
 Infiltration [9.2.6] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Uptake [9.2.11] 
 Evapotranspiration [9.2.12] 
 Translocation [9.2.13] 
 Litterfall [9.2.14] 
 Bioturbation [9.2.15] 
 Migration of fauna [9.2.16] 
 Senescence [9.2.17] 
 Atmospheric deposition [9.2.18] 
 Atmospheric resuspension [9.2.19] 
 Diffusion [9.2.20] 
 Gas origin and implications [9.2.22] 
 Respiration [9.2.25] 
 Food source potential [9.2.31] 
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 Demographics [9.2.33] 
 Terrestrialisation [9.3.1] 
 Sedimentation and resuspension [9.3.5] 
 Water source potential [9.3.8] 

References and bibliography:  
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9.2.6 Infiltration 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Downward flux at soil surface Not applicable 

General description: 

Infiltration is the process by which rainfall, snowmelt or irrigation enters the soil 
through the ground surface. The process is important because infiltration contributes to 
recharge of groundwater [9.2.7] and can also cause the downwards migration and 
redistribution of any radionuclides contained in the surface soils and sediments. 

The driving force for infiltration is the hydraulic head gradient between the soil surface 
and the deeper soil layers, which is related to the topography [9.2.28], and capillary 
forces [9.2.10]. In dry soils, the rate of infiltration can be very low or negative (capillary 
rise dominates) but, in wet soils and during periods of heavy rainfall, infiltration gives 
rise to downward fluxes of water through the soil profile. Infiltration is closely related 
to drainage [9.2.9] because as the soil is drained more pore volume becomes available 
for infiltration.  

The upper rate limit for infiltration is defined by the amount of water available for 
infiltration, e.g. from rainfall, irrigation or snowmelt. The actual rate of infiltration at 
any time is, however, strongly influenced by the hydraulic properties of the soil, the 
depth to the water table (available free pore volume), and the drainage rate through the 
soil. Furthermore, the soil texture and structure, and type of vegetation all have a 
significant role in controlling infiltration rate and capacity. Vegetation protects the soil 
surface from eroding [9.2.1] which also affects the soil structure and porosity, and plant 
root channels may provide fast routes for infiltration. Frost and permafrost development 
[10.2.3] may create totally impermeable areas on a local or regional scale, depending on 
the extent and continuity of the frozen layers. 

The infiltration rate varies strongly both temporally and spatially. The highest rates of 
infiltration occur at onset of a heavy rainfall or snowmelt event, when the hydraulic 
head is greatest, and the infiltration rate decreases as the surface soil becomes water 
saturated. 

Spatial variability can be caused by variable depth to the water table which can correlate 
to the topography [9.2.28]. In local depressions, where the water table may be close to 
the ground surface, the rate of infiltration will be low because there will be limited 



378 

 

 

available pore space into which water can infiltrate. 

Once water has infiltrated down into the soil it may be taken up by plant roots [9.2.11], 
percolate further down to the water table [9.2.7] or become part of the subsurface runoff 
[9.2.8]. Surface runoff will occur if the rainfall and irrigation exceeds the maximum 
infiltration rate that can be handled by the soil or if the soil becomes saturated to the 
surface. 

Infiltration will be influenced by the future climate evolution [10.2.1] that will affect 
precipitation and temperature and, therefore, the entire water balance in the surface 
environment. 

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties regarding the conceptual understanding of 
infiltration in soils, although there is more uncertainty in assessing infiltration rates on a 
local scale and in areas of bare rock and on thin soil cover. Estimation of infiltration 
rates can be determined using lysimeters but uncertainty arises when characterising the 
variability of infiltration over small spatial scales. The overall water balance 
measurements and groundwater modelling at Olkiluoto can, however, be used to 
estimate the net infiltration rate on larger spatial scales. 

At Olkiluoto, the temporal and spatial variability in the infiltration rate is well 
understood through the hydrological monitoring network (Haapanen 2010, Vaittinen et 
al. 2010). The overall water balance of the Olkiluoto island provides an independent 
check of the magnitude of infiltration (Karvonen 2010). The infiltration experiment 
carried out by Posiva (Pitkänen et al. 2009) provides measured data to study the 
infiltration process in the shallow groundwater system of the Olkiluoto Island. Spatial 
and temporal variations in the infiltration rate can be observed in measured heads in 
shallow wells (Vaittinen et al. 2010) and during intensive infiltration events such as 
autumn rainfall and snowmelt periods when the groundwater level is raised close to soil 
surface.   

Couplings to other FEPs: 

Infiltration is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Evapotranspiration [9.2.12] 
 Climate evolution [10.2.1] 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
 Land uplift and depression [10.2.4] 
Infiltration directly affects the following FEPs: 

 Podzolisation [9.2.3] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
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 Capillary rise [9.2.10] 
 Uptake [9.2.11] 
 Evapotranspiration [9.2.12] 
 Sorption [9.2.21] 
 Construction of a well [9.2.30] 
 Advection [9.3.2] 
 Water exchange [9.3.4] 
 Water source potential [9.3.8] 
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9.2.7 Groundwater discharge and recharge 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Upward/downward flux of groundwater Not applicable 

General description: 

The discharge of groundwater that has flowed through the geosphere [8.3.5] is the main 
pathway for radionuclides released from the repository to enter the surface environment. 

In groundwater discharge areas, the net groundwater flow is directed away from the 
groundwater table. Groundwater discharge tends to occur at specific areas (discharge 
zones) where the water table or hydraulic head surface intersects the ground surface, 
such as at the bottom of lakes, rivers or at springs. 

Groundwater recharge is the opposite process by which groundwater is replenished by 
downward infiltration [9.2.6] of surface water or precipitation through the soil layers to 
the water table.  

The primary driving force for groundwater discharge is the hydraulic head gradient 
which is controlled largely by the topography [9.2.28]. Groundwater flows from areas 
of high hydraulic head to areas of lower hydraulic head which broadly correlate to the 
surface topography. The most important discharge zones are located in river valleys, 
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seas, lakes and local depressions in the topography, whereas recharge zones are usually 
located in upland areas. 

The length and depth of the groundwater flow paths between recharge zones and 
discharge zones can vary significantly in response to the local topography, infiltration 
rate and the hydraulic conductivity of the intervening soils and rocks. Short and shallow 
pathways dominate in areas where the surface is characterised by steep local gradients. 
Furthermore, the pathways tend to be short if the surface soil and sediment layers are 
thin. 

At Olkiluoto, only approximately 1–2 % of the total precipitation infiltrates down 
through the surface soils and sediments to recharge the deeper groundwater flow system 
(Karvonen 2010) which is associated with longer and deeper pathways that may extend 
to the depth of the repository [8.3.5]. 

Groundwater recharge and discharge will also be influenced by permafrost development 
[10.2.3] and more generally by future climate evolution [10.2.1] that will affect 
precipitation and temperature, and, therefore, the entire water balance in the surface 
environment. 

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties regarding the fundamental understanding of 
groundwater flow, discharge and recharge. There are, however, significant uncertainties 
associated with the different conceptualisations of groundwater flow, and particularly in 
establishing the proportion of recharge that may contribute to the transport of 
radionuclides from the repository. 

The current understanding of the temporal and spatial variability of groundwater 
discharge at Olkiluoto has been improved by the hydrological monitoring network 
(Vaittinen et al. 2010). Time-dependent measurements of the groundwater level in the 
soils and shallow bedrock provide valuable information about the temporal distribution 
of recharge and discharge rates, and this information has been used to develop a surface 
hydrological model of the recharge and discharge areas (Karvonen 2010). 

Measured baseline head profiles are used to identify areas where groundwater discharge 
occurs through the bedrock-overburden interface (Ahokas et al. 2008). These baseline 
head measurements have also been used to test computational models (Karvonen 2010). 

The major uncertainty related to groundwater discharge concerns the small-scale, local 
variations that may be significant for radionuclide transport and discharge during the 
next 10,000 years in areas around Olkiluoto that are currently located beneath the Baltic 
Sea but will be exposed due to land uplift [10.2.4] and may become forested or used for 
agriculture. 

Local topographic and sediment hydraulic properties are not well-known in these areas. 
Soil and bedrock hydraulic conductivities outside the present island shoreline are not 
well characterised, which increases the uncertainty when estimating the spatial 
variability of the groundwater discharge. 

Couplings to other FEPs: 

Groundwater discharge and recharge are directly affected by the following FEPs: 

 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
 Agriculture and aquaculture [9.2.4] 
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 Infiltration [9.2.6] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Evapotranspiration [9.2.12] 
 Topography [9.2.28] 
 Terrestrialisation [9.3.1] 
 Climate evolution [10.2.1] 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
 Land uplift and depression [10.2.4] 
 Inadvertent human intrusion [10.2.5] 
Groundwater discharge and recharge directly affect the following FEPs: 

 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Evapotranspiration [9.2.12] 
 Uptake [9.2.11] 
 Diffusion [9.2.20] 
 Sorption [9.2.21] 
 Gas origin and implications [9.2.22] 
 External radiation from the ground [9.2.26] 
 Construction of a well [9.2.30] 
 Advection [9.3.2] 
 Water exchange [9.3.4] 
 Water source potential [9.3.8] 
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9.2.8 Runoff 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Total runoff is the sum of all surface, subsurface and groundwater flows leaving a 
defined region such as a surface water catchment. The total water balance of a 
catchment, averaged over a long period (neglecting any change in the amount of water 
stored in the overburden soils), is the total of precipitation (and irrigation) less the sum 
of evapotranspiration [9.2.12] and runoff [9.2.8]. Runoff is a possible migration 
pathway for radionuclides that have entered the surface environment and for their 
transfer to surface water bodies. 

Surface runoff occurs when rainfall, snowmelt or irrigation exceeds the infiltration 
capacity of the soil. Subsurface runoff is lateral groundwater flow that occurs mainly in 
the very permeable top layer (typically < 0.5 m). Groundwater flow is the flux below 
the water table and it is dominant during periods of low flow and is due to discharge of 
water from the deeper soil layers [9.2.7]. 

The distinction between the different runoff components is sometimes very difficult to 
establish. For example, drainage [9.2.9] creates both lateral and vertical flows near to 
drains, ditches or small streams (sink lines), whereas the flows some distance from the 
sink lines will be close to horizontal. 

In cropland areas, drainage is the dominant runoff component in permeable soils but in 
less permeable soils, such as clays, surface runoff is usually the most important 
component. In forested areas, all three runoff components can be significant depending 
on the local topography, geometry of the stream network (small streams, brooks or man-
made ditches) and the hydraulic properties of the soils. In peatlands, the surface and 
subsurface runoff components dominate at least during flood periods. 

The driving force for subsurface runoff and groundwater flow is the difference in 
hydraulic head, which tends to correlate to surface topography [9.2.28]. The proportion 
of total runoff due to surface runoff is dependent on the hydraulic properties of the soil, 
the soil water content, the depth to the water table, evapotranspiration, and whether or 
not the soil is frozen.  

Runoff will also be influenced by future climate evolution [10.2.1] that will affect 
precipitation and temperature, and, therefore, the entire water balance in the surface 
environment. 

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties regarding the conceptual understanding of runoff, 
although there is more uncertainty in assessing runoff on a local scale. The spatial and 
temporal variations in runoff at Olkiluoto are well understood, because it is measured in 
four sub-catchments of the island (Haapanen 2010). The exact pathways of water from 
precipitation to runoff are not, however, understood at a detailed level. 

Field evidence of water source, flowpath and age suggests that pre-storm event water 
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largely dominates storm runoff in Finnish conditions (Lepistö et al. 1994, Koivusalo 
2002). This indicates that catchments store water for considerable periods of time but 
then release it promptly during storm events. It has been shown that the water table 
response in the riparian zone is often separate and independent from the response at 
positions farther upslope (Seibert et al. 2003). Other studies reporting end-member 
mixing results have shown that hill slope waters are chemically and isotopically distinct 
from riparian zone waters (Burns et al. 2001).  

Couplings to other FEPs: 

Runoff is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Drainage [9.2.9] 
 Evapotranspiration [9.2.12] 
 Atmospheric deposition [9.2.18] 
 Topography [9.2.28] 
 Terrestrialisation [9.3.1] 
 Advection [9.3.2] 
 Climate evolution [10.2.1] 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
 Land uplift and depression [10.2.4] 
Runoff directly affects the following FEPs: 

 Erosion [9.2.1] 
 Agriculture and aquaculture [9.2.4] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Drainage [9.2.9] 
 Uptake [9.2.11] 
 Evapotranspiration [9.2.12] 
 Sorption [9.2.21] 
 Terrestrialisation [9.3.1] 
 Advection [9.3.2] 
 Dispersion [9.3.3] 
 Water exchange [9.3.4] 
 Sedimentation and resuspension [9.3.5] 
 Flooding [9.3.7] 
 Water source potential [9.3.8] 
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9.2.9 Drainage  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Lateral subsurface flow Not applicable 

General description: 

Drainage is the natural or artificial removal of excess water from the soil profile. As the 
soil is drained, part of the former saturated zone may become only seasonally saturated, 
creating more pore volume for infiltration [9.2.6]. Drainage flow is the most important 
runoff component in croplands and it includes all the lateral fluxes (e.g. interflow) in the 
soil profile. 

Drainage may cause both lateral and vertical transport of radionuclides in the 
overburden soils, and affect their transfers through the surface environment. Transport 
may be both horizontal and vertical close to drains and primarily lateral some distance 
away from the drains.  

In Finnish climate conditions, artificial drainage of cropland is necessary for the fast 
removal of snowmelt waters in spring to lower the groundwater table to allow for earlier 
seedbed preparation and planting. In autumn, drainage is needed to improve the vehicle 
and machinery access to fields for harvesting. Furthermore, drainage is required for all 
soils if irrigation water is applied. In croplands, artificial drainage is primarily carried 
out using subsurface drains installed to a depth of around 1 m, but open ditches with a 
depth of around 0.7 m are sometimes also used. 

In forested areas, drainage can be both artificial and natural. Drainage occurs either via 
man-made forest ditches (artificial drainage) or via small streams and brooks (natural 
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drainage). In forested areas, drainage flow is often difficult to distinguish from lateral 
groundwater flow. Near horizontal groundwater flow driven by the local topographical 
features is responsible for the majority of lateral fluxes but, in the vicinity of ditches, 
small streams and brooks, drainage flow may dominate. 

The driving force for drainage is the hydraulic head difference between the drains, 
ditches, streams etc. and the surrounding areas of land. Drainage is, therefore, strongly 
controlled by the topography [9.2.28]. Drainage will occur if the total head in the 
surrounding land is higher than the head in the drain, and there is a pathway for flow to 
occur.  

The most important parameter controlling the drainage flux is the hydraulic 
conductivity of the soil, with additional controls from the geometry (density) of the 
drainage system. In cropland areas, the drainage density refers to the spacing of the 
installed subsurface drains, whereas, in forested areas, drainage density is characterised 
by stream density obtained from flow accumulation rasters. These show the number of 
up-slope cells that flow into each down-slope cell. A stream is assumed to develop in 
areas where the flow accumulation raster exceeds a predefined threshold value. 

Drainage density and depth will have a pronounced effect on the lateral transport of 
radionuclides in overburden soils. The higher the stream density, the smaller the 
concentration of solutes in the root zone because flow will occur laterally below the root 
zone (Karvonen 2009). If, on the other hand, the stream density is low, then the water 
table may reach the root zone more frequently and this may increase the rate of 
radionuclide uptake by plants [9.2.11]. 

Drainage will also be influenced by the future climate evolution [10.2.1] that will affect 
precipitation and temperature and, therefore, the entire water balance in the surface 
environment. 

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties regarding the conceptual understanding of 
drainage, although there is more uncertainty in assessing it at a local scale (e.g. drainage 
density in future conditions). In cropland areas, the hydraulic conductivity of the soil is 
the most uncertain parameter. In forested areas, the density of the drainage system is the 
most uncertain parameter. 

The temporal and spatial variability of drainage rates are well understood in croplands 
and in forested areas at Olkiluoto. The hydrological monitoring network provides data 
that can be used to quantify variability and the overall water balance for the island 
provides an independent check of the drainage rates (Karvonen 2010). 

Couplings to other FEPs: 

Drainage is directly affected by the following FEPs: 

 Erosion [9.2.1] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Evapotranspiration [9.2.12] 
 Topography [9.2.28] 
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 Climate evolution [10.2.1] 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
 Land uplift and depression [10.2.4] 
Drainage directly affects the following FEPs: 

 Erosion [9.2.1] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Capillary rise [9.2.10] 
 Uptake [9.2.11] 
 Evapotranspiration [9.2.12] 
 Sorption [9.2.21] 
 Respiration [9.2.25] 
 Advection [9.3.2] 
 Water exchange [9.3.4] 
 Sedimentation and resuspension [9.3.5] 
 Flooding [9.3.7] 
 Water source potential [9.3.8] 
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9.2.10 Capillary rise  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Capillary rise is a water transport process that is due to water adhesion and surface 
tension in a porous medium, such as soils and sediments.  

Water adhering to the walls of a soil pore will create a small upward movement, due to 
surface tension, on the liquid at the edges. Capillary rise will occur when there is an 
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attractive force to a solid surface, causing the net movement of water upwards through 
the soil column.  

A capillary fringe refers to the soil area directly above the water table where water can 
rise up through capillary action. This layer ranges in thickness from a few centimetres to 
a couple of metres, depending on the pore sizes of the soils/rocks involved (the soil 
water retention curve). Fine-grained materials produce stronger capillary action effects 
and larger capillary fringes.  

The rise of water in a capillary fringe may cause the upward migration of dissolved 
radionuclides and cause possible mineral precipitation or dissolution at the edge of the 
capillary fringe. The significance of capillary rise is dependent on the depth to the water 
table and on the rate of other transport processes occurring in the soil, such as 
transpiration. 

The capillary fringe is of particular importance because roots can take up water and 
nutrients from this zone whereas they tend not to be active below the water table. 

Uncertainties in the understanding of the FEP: 

The mechanisms causing the capillary rise are well understood, but the exact magnitude 
is difficult to evaluate due to the heterogeneity of soils and due to difficulties in 
estimating the shape of the soil water retention curve close to saturation. Also, with a 
moving water table it is difficult to distinguish capillary rise from water retained in 
pores as a result of matric suction (i.e. the rising water table delivers water rather than 
the water migrating upward by capillary action), but once it has arrived it is retained by 
capillary forces despite a falling water table. A hysteresis is commonly observed in soil 
moisture-matric potential curves because of this effect. 

At Olkiluoto, the hydrological and environmental monitoring network (Vaittinen et al. 
2010, Haapanen 2010) provide data that can be used to assess and model the 
significance of capillary rise (e.g. depth to water table, evapotranspiration and soil water 
content).  

Couplings to other FEPs: 

Capillary rise is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Drainage [9.2.9] 
 Evapotranspiration [9.2.12] 
 Climate evolution [10.2.1] 
 Permafrost formation [10.2.3] 
Capillary rise directly affects the following FEPs: 

 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Uptake [9.2.11] 
 Evapotranspiration [9.2.12] 
 Diffusion [9.2.20] 
 Sorption [9.2.21] 
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 External radiation from the ground [9.2.26] 
 Advection [9.3.2] 
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9.2.11 Uptake 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Root uptake, Foliar uptake Not applicable 

General description: 

Uptake of water and nutrients by a plant can occur through the roots and leaves. Any 
radionuclides associated with the water may also be taken up by the plant, causing their 
redistribution in the surface environment. 

Root uptake refers to all mechanisms associated with the transfer of water and 
substances from the soil to the roots of plants or, in the case of aquatic plants, directly 
from the water. The rate of the root uptake depends on many factors, such as the plant 
species, its age, vegetation stage and soil properties (availability of nutrients, moisture 
content etc.) but, overall, the soil moisture content is the most important factor 
controlling uptake. This can be a direct control or an indirect control (e.g. through its 
influence on redox potential). 

Not all substances (including radionuclides) present in the soil will be taken up by plant 
roots to the same extent due to differences in their bioavailability and, consequently, 
uptake will cause fractionation and redistribution. Furthermore, the combined effects of 
roots and rhizosphere organisms may alter the local bioavailability so that they are 
significantly different from those of the bulk soil.  

Foliar uptake refers to all mechanisms associated with the transfer of water and 
substances through the leaves of plants. The outer cell layer of the leaf surface consists 
of epidermis cells that comprise a top cuticle layer. Stomata guard cells are situated in 
the epidermis cell layer and these allow controlled uptake of CO2 with the minimal 
transpiration of water. These stomata are not, however, completely efficient and some 
uncontrolled penetration of air, water and dissolved substances through the leaf surface 
can occur. Radionuclides can thus be taken-up by plants through their leaves in either a 
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gaseous phase (e.g. C-14 associated with CO2) or dissolved in water droplets on the leaf 
surface. 

Foliar uptake requires that substances have been deposited on the leaf surfaces by 
removal from the atmosphere. This can occur from natural precipitation but the process 
may be enhanced if crops are irrigated with contaminated water. This can also occur by 
dry deposition of aerosols due to gravitational settling and impaction. The rate of uptake 
depends on the plant species and its characteristics, and on the meteorological 
conditions (e.g. air humidity, air temperature, wind speed and solar radiation). 

Uncertainties in the understanding of the FEP: 

The basic mechanisms of uptake are well-known but there are significant uncertainties 
associated with establishing a general conceptual model for uptake. Quantitatively, there 
is also considerable uncertainty regarding the rates of the different uptake mechanisms 
for each key radionuclide under site-specific conditions. Many studies (e.g. Roivainen 
2011) have demonstrated that there is considerable variation in measured rates of root 
uptake by more than three orders of magnitude, even for specified soil-crop 
combinations.  

Couplings to other FEPs: 

Uptake is directly affected by the following FEPs: 

 Podzolisation [9.2.3] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Evapotranspiration [9.2.12] 
 Bioturbation [9.2.15] 
 Atmospheric deposition [9.2.18] 
 Diffusion [9.2.20] 
 Sorption [9.2.21] 
 Gas origin and implications [9.2.22] 
 Water exchange [9.3.4] 
 Climate evolution [10.2.1] 
Uptake directly affects the following FEPs: 

 Forest and peatland management [9.2.5] 
 Translocation [9.2.13] 
 Litterfall [9.2.14] 
 Ingestion of food [9.2.23] 
 Food source potential [9.2.31] 
 Exposed population [9.2.34] 
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9.2.12 Evapotranspiration 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Evapotranspiration is the net amount of water lost to the atmosphere by evaporation 
from the ground surface (soils) and transpiration of water vapour from plant leaves. It 
thus encompasses a number of separate, but related, processes but they are usually 
grouped together under the single term ‘evapotranspiration’ when considering the 
overall water balance for an area.  

In vegetated areas, evapotranspiration is dominated by transpiration and the proportion 
of water lost to the atmosphere from direct evaporation from soils is usually minor. 
Transpiration is a key component of the SVAT-system (Soil-Vegetation-Atmosphere-
Transfer) that characterises the upward flow of water from the soil to the roots, from the 
roots through stems to the canopy (leaves), and from the leaves to the atmosphere. 

Any radionuclides associated with water may also be redistributed within the surface 
environment by evapotranspiration. Alternatively, they may become concentrated in the 
soils and plants if they are not susceptible to evapotranspiration, increasing the amount 
ingested by humans [9.2.23]. 

The transpiration flux is the most important natural driving force that can cause an 
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upward flux of radionuclides from the geosphere-biosphere interface to the food chain. 
An increase in transpiration increases water uptake by roots [9.2.11] so lowering the soil 
water content and soil water potential in the root zone. This in turn causes an upwards 
flux of water due to capillary rise [9.2.10] from the deeper soil layers towards the root 
zone. Direct evaporation may also increase upward fluxes in the soil, but the process is 
very limited compared with the transpiration flux because evaporation decreases the soil 
water potential close to the surface and this decreases the unsaturated hydraulic 
conductivity, reducing the upward flux.  

Transpiration occurs through the leaf surfaces via a great number of pores called 
stomata. The outer cell layer of the leaf surface consists of epidermis cells that comprise 
a top cuticle layer. Stomata guard cells are situated in the epidermis cell layer and these 
allow controlled uptake of CO2 with the minimal transpiration of water. The opening 
and closing of the stomata is a direct response to changes in the osmotic potential of the 
guard cells which, in turn, is driven by a number of environmental factors affecting the 
plant (Figure 9-2).  

Leaf stomata are typically open when it is light and there is sufficient water in the soil-
plant system, and the temperature is moderate. As the temperature increases, the 
stomata close to minimise water vapour loss by transpiration. Temperatures above about 
25 °C will cause the stomata to close in most plant species. If a plant loses more water 
vapour through transpiration than it can absorb through the roots, a water deficit 
develops and the plant will begin to wilt. 

Solar radiation is the primary energy source for converting liquid water to vapour inside 
the stomata, and the transfer of water vapour from the leaf to the atmosphere is driven 
by differences in the water potential. The rate of transpiration is controlled by two 
primary resistances called the stomatal resistance and the boundary layer resistance. 
Water vapour has to be transmitted through the saturated boundary layer surrounding 
the leaf and the magnitude of this boundary layer resistance (aerodynamic resistance) is 
dependent on the height of the plant and the wind speed. It is, therefore, species and 
site-specific. 

 

 
 

Figure 9-2. The typical response of leaf stomata to environmental factors. 
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Uncertainties in the understanding of the FEP: 

The key mechanisms controlling evapotranspiration are well known, but there are 
uncertainties associated with establishing quantitative rates for the process because it is 
strongly species and site-specific.  

The temporal and spatial variability of evapotranspiration rates at Olkiluoto have been 
studied as part of the work on forest intensive monitoring plots that include areas with 
different tree species (Haapanen 2010). The monitoring areas include direct 
measurements of transpiration (sap flow) and they also provide detailed canopy water 
and energy balance measurements that can be used to evaluate the transpiration rate. 

The greatest uncertainties are related to mires, where no measurements of 
evapotranspiration flux are available and the analysis consequently has to be based on 
the overall water balance measurements. 

Uncertainties related to agricultural land should be limited because water requirements 
of various crop types are reasonably well known. 

Couplings to other FEPs: 

Evapotranspiration is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Senescence [9.2.17] 
 Atmospheric deposition [9.2.18] 
 Climate evolution [10.2.1] 
Evapotranspiration directly affects the following FEPs: 

 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Uptake [9.2.11] 
 Translocation [9.2.13] 
 Respiration [9.2.25] 
References and bibliography: 

Haapanen, A. (ed.) 2010. Results of monitoring at Olkiluoto in 2009. Environment. 
Eurajoki, Finland: Posiva Oy. Working Report 2010-45. 142 p. 

Karvonen, T. 2009. Development of SVAT model for computing water and energy 
balance of the forest intensive monitoring plots on Olkiluoto island. Eurajoki, Finland: 
Posiva Oy. Working Report 2009-35. 56 p. 

Karvonen, T. 2010. Prediction of long-term influence of ONKALO and Korvensuo 
Reservoir on groundwater level and water balance components on Olkiluoto Island. 



393 

 

 

Eurajoki, Finland: Posiva Oy. Working Report 2010-55. 86 p. 

Vaittinen, T., Ahokas, H., Klockars, J., Nummela, J., Pentti, E., Penttinen, T. & 
Karvonen T. 2010. Results of monitoring at Olkiluoto in 2009, Hydrology. Eurajoki, 
Finland: Posiva Oy. Working Report 2010-43. 272 p. 

 

 

9.2.13 Translocation  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Retranslocation, Internal cycling Not applicable 

General description: 

Translocation refers to the systemic transport and redistribution of water, nutrients and 
other substances within a plant following uptake [9.2.11].  

Translocation will have limited significance for large-scale transport and redistribution 
of radionuclides within the surface environment but any radionuclides associated with 
water taken-up by a plant will be redistributed within it by translocation, potentially 
increasing the degree of ingestion by humans [9.2.23]. This will be particularly the case 
if translocation causes the preferential transfer of radionuclides to the edible parts, such 
as the grains, roots and tubers. 

The process is, therefore, especially important for plants from which only specific parts 
are used as food or feed, such as cereals and potatoes. Translocation partly reflects the 
mobility of an element within the plant; the transfer of substances to edible parts 
depends on many factors, such as the plant species and characteristics of the uptake 
process, the speciation of the nuclide and biological factors associated with the 
vegetative cycle at the time of uptake.  

Translocation can occur some time after uptake as a result of maturation of tissues (e.g. 
grain or fruit) or senescence. Maturation of some tissues can occur in parallel with 
senescence of others, leading to radionuclide transfers from the senescing to the 
maturing tissues. 

Some chemical species are actively transported as analogues of plant nutrients, whereas 
some are only passively transported. 

Uncertainties in the understanding of the FEP: 

The key mechanisms controlling translocation are well known but there are 
uncertainties associated with establishing quantitative rates for the process because it is 
strongly species and site-specific.  

In forest and mire ecosystems the main uncertainties are related to insufficient 
information on the internal cycles of plants, and how to assess total vegetation 
populations rather than individual plant species. 

Couplings to other FEPs: 

Translocation is directly affected by the following FEPs: 
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 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Uptake [9.2.11] 
 Evapotranspiration [9.2.12] 
 Senescence [9.2.17] 
 Atmospheric deposition [9.2.18] 
 Climate evolution [10.2.1] 
Translocation directly affects the following FEPs: 

 Litterfall [9.2.14] 
 Ingestion of food [9.2.23] 
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9.2.14 Litterfall  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Leaf litter; Plant litter; Litter fall Not applicable 

General description: 

Litterfall is the flux of organic matter from vegetation to the litter pool. Organic 
material includes component materials that fall from plants during their lifecycle, 
including flowers, leaves, branches, cones, needles, bark, fruit, seeds and nuts, and also 
root litter.  

Litterfall is a natural process but it can be significantly affected by human actions such 
as agriculture that will change the rate of accumulation of litterfall on the ground. For 
example, harvesting of fruit from a tree will reduce the amount of litterfall that will 
occur.  

Any radionuclides contained in the plant materials during litterfall may accumulate on 
the ground surrounding the plant and become concentrated. The decomposition of litter 
may add to the nutrient content of the local soils and cause the growth of additional 
plant species and fungi, which can then take-up and reconcentrate any radionuclides 
present. 

The type and rate of litterfall is most directly affected by the plant species and the wider 
ecosystem. There can be extreme variability of litterfall by season, with each individual 
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species of plant losing certain parts of its body at different times of the year. 

The rate of decomposition of litter will affect its accumulation. In boreal conifer forests, 
the rate of decomposition is slow and leads to the accumulation of a thick litter layer. In 
contrast, in agricultural fields, soil management and fertile soil increase the 
decomposition rate and thus litterfall is mostly rapidly mineralised. 

Uncertainties in the understanding of the FEP: 

The key mechanisms controlling litterfall are well known but there are uncertainties 
associated with establishing quantitative rates for the process because it is strongly 
species and site-specific.  

In forest and mire ecosystems, the main uncertainties are related to insufficient 
information on the internal cycle of plants, and the potential impact on radionuclide 
behaviour, and how to assess total vegetation populations rather than individual plant 
species. 

Couplings to other FEPs: 

Litterfall is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Uptake [9.2.11] 
 Translocation [9.2.13] 
 Senescence [9.2.17] 
 Climate evolution [10.2.1] 
Litterfall directly affects the following FEPs: 

 Podzolisation [9.2.3] 
 Sorption [9.2.21] 
 External radiation from the ground [9.2.26] 
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9.2.15 Bioturbation 

Type: Class: 

Process System evolution; Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Bioturbation is the displacement and mixing of soil and sediment particles and solutes 
by fauna and flora. The process will also cause the redistribution of any radionuclides 
that are associated with the soils and sediments, including those dissolved into the pore 
water or sorbed to soil materials [9.2.21]. 

Burrowing animals and plant root systems create pathways for air and water, which 
alters the soil and sediment structure and composition. Faunal activities that cause 
bioturbation include ingestion and defecation of sediment grains, construction and 
maintenance of galleries, and infilling of abandoned dwellings, displacement of 
sediment grains and mixing of the sediment matrix.  

In aqueous environments, the sediment-water interface zone may increase due to 
bioturbation, causing oxygenation of the sediment and affecting chemical fluxes and 
water exchange between the sediment and water column. Benthic flora can affect 
sediments by developing root structures.  

Bioturbation is a diagenetic process and acts to alter the physical structure, as well as 
the chemical nature of the sediment. For strongly sorbing elements (high distribution 
coefficients) bioturbation contributes more to migration than does advection in soils 
(Biosphere Assessment). 

Uncertainties in the understanding of the FEP: 

The conceptual understanding of the process is not associated with any significant 
uncertainties. The main parameter uncertainty regarding bioturbation relates to the 
scarceness of data derived from site-specific observations. 

Couplings to other FEPs: 

Bioturbation is directly affected by the following FEPs: 

 Podzolisation [9.2.3] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Climate evolution [10.2.1] 
 Permafrost formation [10.2.3] 
Bioturbation directly affects the following FEPs: 

 Uptake [9.2.11] 
 Diffusion [9.2.20] 
 Sorption [9.2.21] 
 External radiation from the ground [9.2.26] 
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9.2.16 Migration of fauna 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Migration of fauna occurs on different spatial scales because different species migrate 
varying distances and for different reasons, such as in response to the seasons or for 
reproduction. At the Olkiluoto site and in the surrounding reference area, many types of 
faunal migration take place, as indicated in Table 9-3 (Biosphere Description). 

 

Table 9-3. Types of migration and a few examples for the Olkiluoto site and the 
surrounding reference area.  

Migration type Species 
group 

Examples

Seasonal  mammal In autumn moose migrate (swim) from islands to inland areas in 
the search of food resources. 

Seasonal fish Baltic herring performs seasonal migration between the coast 
and the open sea. 

Reproductive mammal Grey seals move to ice margins or sea islets for giving birth. 

Reproductive fish Migration of salmon to spawning grounds in upper parts of river 
systems. 

Reproductive  birds Eiders migrate to and from breeding areas located at Olkiluoto 
and in the reference area. Arctic terns migrate to and from the 
reference area. 

Nomadic  mammal Grey seals harvest food in different areas of the Sea of Bothnia 
and the coast of Satakunta. 

Nomadic fish In the coastal areas and reference lakes, perch perform irregular 
and relatively short migrations due to the occurrence of prey 
items (fish and macrobenthos). 

Removal  birds Migration of owls from Lapland to southern parts of Finland, 
including the reference area. 
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Different types of migration can also overlap as the classification of migration types is 
not exclusive. In Finland and in the case of the selected reference areas, the most 
obvious type of migration is seasonal migration triggered by the onset of winter. The 
distances that species migrate also vary between different groups of animals. Larger 
mammal species (especially carnivores) and birds migrate over greater distances than 
smaller mammals (like small rodents) which live more locally and use different life 
strategies to deal with winter, such as hibernation.  

In the aquatic environment, the different fish species perform seasonal and nomadic 
migrations due to the physical conditions, reproduction and occurrence of preferred 
prey. Migration has consequences for the accumulation of radionuclides, as the animal 
in question is not subject to them when outside the contaminated area.  

The body burdens will decrease due to excretion when outside the contaminated area.  

Uncertainties in the understanding of the FEP: 

There are a number of uncertainties related to the understanding of different faunal 
migration patterns. Often the starting point and final destination of migrating species are 
known, although the pattern of migration itself is often not clear. Sophisticated and 
expensive methods can be applied (e.g. GPS tracking and capture-recapture techniques) 
to explore the patterns of faunal migration in the reference area and at the Olkiluoto site. 
Collecting the reference data is ongoing within the biosphere description process.  

Couplings to other FEPs: 

Migration of fauna is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Topography [9.2.28] 
 Demographics [9.2.33] 
 Climate evolution [10.2.1] 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
 Land uplift and depression [10.2.4] 
Migration of fauna directly affects the following FEPs: 

 Food source potential [9.2.31] 
References and bibliography: 

Biosphere Description 
Olkiluoto Biosphere Description 2012. Eurajoki, Finland: Posiva Oy. POSIVA 2012-06. 
ISBN 978-951-652-187-2.  

Campbell, N.A. & Reece, J.B. 2002. Biology. 6th ed. San Francisco, USA: Benjamin 
Cummings. 1247 p. + app. ISBN-10: 080537390X, ISBN-13: 978-0805373905. 
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9.2.17 Senescence 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Biological aging Not applicable 

General description: 

Senescence or ‘biological aging’ is the change in the biology of an organism (animal or 
plant) as it ages after reaching maturity. These changes are varied and range from those 
affecting cells and their functions to those that affect the whole organism. The rate of 
senescence also varies by species, and is reflected in the average life span of different 
animals and plants. 

Cellular senescence is the phenomenon by which normal cells lose the ability to divide, 
normally after about 50 cell divisions. In response to DNA damage, cells age or self-
destruct if the damage cannot be easily repaired, causing death of the cell or the whole 
organism.  

Organism senescence is the aging of whole organisms. In general, aging is characterised 
by the declining ability to respond to stress, increased homeostatic imbalance, and 
increased risk of aging-associated diseases. Death is the ultimate consequence of 
senescence. Aging of whole organisms is a complex process that covers the progressive 
deterioration of physiological function, an intrinsic age-related process of loss of 
viability and increase in vulnerability. 

Plants, like other forms of organisms, seem to have both programmed and unintended 
aging. Senescence is an important developmental step in the life cycle of a plant or a 
plant organ and the process can have a considerable influence on agriculture. Leaf 
senescence is induced as part of plant development but can also be prematurely induced 
as a result of environmental changes or harvesting.  

Senescence of terrestrial or aquatic plants and animals will cause the redistribution of 
any radionuclides that are included in the organisms, i.e. radionuclides that were either 
ingested or inhaled in the case of an animal [9.2.23] or taken up by a plant [9.2.11].  

Uncertainties in the understanding of the FEP: 

The concept of senescence is well understood, although it is a complex process 
influenced by developmental, hormonal and environmental controls. Site-specific 
observations are scarce and thus the understanding of senescence in plants is based on 
experimental studies in southern Finland.  

Senescence in plants can be significant before harvest and associated with radionuclide 
redistribution to/from edible parts. Senescence is generally not applicable to livestock 
because these are usually killed before they reach a natural death. 

Couplings to other FEPs: 

Senescence is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Climate evolution [10.2.1] 
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Senescence directly affects the following FEPs: 

 Evapotranspiration [9.2.12] 
 Translocation [9.2.13] 
 Litterfall [9.2.14] 
 Ingestion of food [9.2.23] 
References and bibliography: 

Bowen, R.L. & Atwood, C.S. 2011. The reproductive-cell cycle theory of aging: an 
update. Experimental Gerontology. Vol. 46, no. 2, p. 100-107. 

Gan, S. (ed.) 2007. Senescence processes in plants. Oxford, UK: Blackwell Publishing 
Ltd. 332 p. (Annual Plant Reviews 26). ISBN 978-1-4051-3984-7. 

 

9.2.18 Atmospheric deposition 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Precipitation; Atmospheric precipitation Not applicable 

General description: 

Atmospheric deposition refers to the various mechanisms by which substances can be 
removed from the atmosphere and deposited onto the land surface, or onto vegetation. 
Deposition collected from below the canopy is called ‘throughfall’, whereas the fraction 
initially retained by plants is the ‘interception’. The composition and amount of 
throughfall differs from that of deposition collected above the canopy or in open areas, 
because tree canopies intercept some of the dry deposition (see below) and modify the 
chemical and radionuclide composition of the incoming wet deposition (see below). 

Wet deposition refers to the washing out of particles and ions from the air by 
precipitation and is not influenced by surface conditions. Wet deposition can occur 
when radionuclides are captured by rain, snow, drizzle, sleet, hail or graupel during its 
formation or fall in precipitation events. Occult deposition from mists is also regarded 
as wet deposition. The interception of a wet-deposited radionuclide is controlled by the 
storage capacity of water and the interaction of the radionuclide with the leaf surface, 
which strongly depends on the chemical form of the deposit.  

Radionuclides can also be deposited as a result of dry deposition of particles or gases 
and vapours. The dry deposition rate depends to a great extent on the surface roughness, 
which in turn depends on canopy height. Particles containing radionuclides will 
generally be microscopic aerosols of organic or inorganic material, typically derived 
from soil. Macroscopic plant parts, e.g. pollen, seeds and leaves, can also be significant 
vectors for radionuclide transport by dry deposition. 

Uncertainties in the understanding of the FEP: 

The concept of atmospheric deposition is relatively well understood, but it involves 
complex mechanisms. Detailed data for interception are available only for a few 
elements, such as caesium, strontium and iodine. Limited numbers of estimates are 
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available for a few other elements. This means that for the majority of elements, 
interception coefficients are derived from analogy based on the assumed chemical form 
and valence of the element. 

Couplings to other FEPs: 

Atmospheric deposition is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Atmospheric resuspension [9.2.19] 
 Gas origin and implications [9.2.22] 
 Demographics [9.2.33] 
 Climate evolution [10.2.1] 
Atmospheric deposition directly affects the following FEPs: 

 Runoff [9.2.8] 
 Uptake [9.2.11] 
 Evapotranspiration [9.2.12] 
 Translocation [9.2.13] 
References and bibliography: 

Aro, L., Plamboeck-Hånell, A., Rantavaara, A., Strålberg, E. & Vetikko, V. 2009. 
Sampling in forests for radionuclide analysis. General and practical guidance. Roskilde, 
Denmark: Nordic Nuclear Safety Research (NKS). NKS-183. 52 p. ISBN 978-87-7893-
249-5. 

IAEA 2009. Quantification of radionuclide transfer in terrestrial and freshwater 
environments for radiological assessments. Vienna, Austria: International Atomic 
Energy Agency (IAEA). 616 p. IAEA-TECDOC-1616. ISBN 978-92-0-104509-6, ISSN 
1011-4289. 

IAEA 2010. Handbook of parameter values for the prediction of radionuclide transfer in 
terrestrial and freshwater environments. Vienna, Austria: International Atomic Energy 
Agency (IAEA). IAEA Technical Reports Series no. 472. 194 p. ISBN 978-92-0-
113009-9, ISSN 0074-1914. 

IUR 2006. Recommendations for improving predictions of the long-term environmental 
behaviour of 14C, 36Cl, 99Tc, 237Np and 238U: Findings of the IUR “Radioecology and 
Waste” Task Force. International Union of Radioecology (IUR). Report No. 6. 80 p. 
ISBN 978-0-9554994-2-5. 

 

9.2.19 Atmospheric resuspension  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 
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General description: 

Atmospheric resuspension of contaminated dust is likely to occur by the action of wind, 
or by disturbance by animals or humans. The latter is especially relevant because it 
implies the presence of an individual who can inhale the dust. In all cases, resuspension 
is likely to be greater from dry surfaces than from wet surfaces, and is likely to be 
enhanced where vegetation cover is sparse or non-existent. Combustion of contaminated 
biomass may also give rise to significant activity levels in air under some 
circumstances, such as the burning of peat. 

Many contaminants are found in or associated with dust, including metals, pesticides, 
dioxins and radionuclides. For such contaminants, small resuspension fluxes could 
potentially pose a significant risk to human health or the environment (Loosmore & 
Hunt 2000).  

The sources of contaminated terrestrial dust that may be resuspended include both soils 
and plants. Plant dust arises from pollen dispersal, harvesting and food processing, and 
combustion of biomass as fuel or originating from field clearance.  

Airborne dust is more likely to be composed of smaller than average soil particles 
whose specific surface area (and hence specific sorption capacity) is likely to be greater 
than the bulk soil average. In addition, smaller particles are likely to remain 
resuspended for longer, travel further, and once inhaled are more likely to penetrate 
deep into the lungs.  

The magnitude of wind-driven resuspension depends on a number of factors including 
wind speed, soil moisture content and vegetation. Agricultural soils are more 
susceptible to wind-driven resuspension following soil management in the spring when 
vegetative cover is minimal and the moisture content is low, and in the autumn after 
harvesting and ploughing. 

The processes and mechanisms affecting the radionuclide concentrations in the 
resuspended soil particles in the air include wind resuspension and mechanical 
resuspension e.g. by ploughing (Wasiolek et al. 2005). Compared with the radionuclide 
concentration in bulk soil, the concentrations in the dust are generally enhanced. 

In this context, atmospheric resuspension also includes volatilisation, which refers to the 
evaporation or sublimation of dissolved species. 

Uncertainties in the understanding of the FEP: 

The most important uncertainty is likely to be the magnitude of the resuspension factor 
that relates radionuclide concentrations in air to those in soil. The degree of 
volatilisation of radionuclides from contaminated soils is considered to be highly 
uncertain, and this applies particularly to Cl-36, Se-79, Tc-99, Sn-126 and I-129. 

The processes governing how contamination in soil is transferred into the breathable 
atmosphere are poorly understood. Concentrations of dust in the atmosphere can vary 
rapidly and the processes involved in the generation and maintenance of these 
concentrations are complex. Conceptually, consideration is given to resuspension of soil 
particulates due to ploughing, walking, other outdoor activities, and to indoor exposures 
resulting from soil brought inside (Wasiolek et al. 2005). 

Couplings to other FEPs: 

Atmospheric resuspension is directly affected by the following FEPs: 
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 Erosion [9.2.1] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Climate evolution [10.2.1] 
Atmospheric resuspension directly affects the following FEPs: 

 Atmospheric deposition [9.2.18] 
 Gas origin and implications [9.2.22] 
 Inhalation of air [9.2.24] 
 Respiration [9.2.25] 
References and bibliography: 

Loosmore, G.A. & Hunt, J.R. 2000. Dust resuspension without saltation. Journal of 
Geophysical Research. Vol. 105, no. D16, p. 20663-20672. ISSN 01480227. 

Wasiolek, M., Agüero, A., Albrecht, A., Bergström, U., Grogan, H., Smith, G.M., 
Thorne, M.C. Willans, M. & Yoshida, H. 2005. Key issues in biosphere aspect of 
assessment of the long-term impact of contaminant releases associated with radioactive 
waste management. BIOPROTA Theme 2: Task 2. Modelling the inhalation exposure 
pathway. Published on behalf of the BIOPROTA Steering Committee by BNFL (Nexia 
Solutions Ltd), UK. 65 p. 

 

9.2.20 Diffusion 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Diffusion is the general mechanism that causes the net redistribution of substances 
through random motion, from regions of higher concentration to regions of lower 
concentration.  

The net rate of diffusion is controlled by the temperature and diffusivity of the system, 
and is not directly affected by the absolute concentration, although the concentration 
gradient is a driving factor (Garisto et al. 2004). 

In the surface environment, diffusion may be a significant mechanism causing the 
migration and redistribution of radionuclides in ground and porewaters when there are 
low flow rates or in stagnant water. Diffusion may, therefore, be particularly important 
for the migration of radionuclides in soils and sediments with a low hydraulic 
conductivity or in the absence of a hydraulic gradient. 

Uncertainties in the understanding of the FEP: 

The diffusion process is well understood and is not subject to any conceptual 
uncertainty. There are, however, some uncertainties regarding site-specific conditions 
and parameters that will affect diffusion in soils and sediments at Olkiluoto. 
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Couplings to other FEPs: 

Diffusion is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Groundwater discharge and recharge [9.2.7] 
 Capillary rise [9.2.10] 
 Bioturbation [9.2.15] 
 Sorption [9.2.21] 
 Gas origin and implications [9.2.22] 
 Advection [9.3.2] 
 Dispersion [9.3.3] 
 Climate evolution [10.2.1] 
 Permafrost formation [10.2.3] 
Diffusion directly affects the following FEPs: 

 Uptake [9.2.11] 
 Sorption [9.2.21] 
 Dispersion [9.3.3] 
 

References and bibliography: 

Garisto, F., Gierszewski, P. & Wei, K. 2004. Third case study: Features, events and 
processes. Toronto, Canada: Ontario Power Generation (OPG). Report 06829-REP-
01200-10125-R00. 296 p. 

 

9.2.21 Sorption 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Ion exchange; Physical adsorption Not applicable 

General description: 

Sorption is the general term describing the attachment of dissolved species to available 
solid surfaces. It includes ion exchange, physical adsorption and surface complexation. 
In the surface environment, the migration of radionuclides may be retarded by sorption 
onto the surfaces of the inorganic and organic materials that are present in the soils and 
sediments.  

Sorption is element specific and depends both on nuclide speciation (valency state, 
hydrolysis and complexation) and on the local geochemical characteristics of the soil 
porewaters. Radionuclides may be sorbed either by surface complexation or by ion 
exchange. Surface complexation is a mechanism involving a covalent or electrostatic 
bond between the hydrated surface of a solid material and a radionuclide. Ionic 
exchange is a mechanism involving substitution of a radionuclide held in solution for 
one in a mineral. This occurs strongly on clay and mica minerals due to the presence of 
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exchangeable cations that compensate for the negative charge in the mineral structure.  

Sorption capacity is typically characterised by the distribution coefficient (Kd) which is 
the ratio between the concentration of the radionuclide in the solid phase and in 
solution. Sorption, if it occurred on solid surfaces, would retard radionuclide transport. 
Sorption is a reversible reaction and there may be a net release (desorption) of 
radionuclides if, for example, there are changes to the groundwater chemistry. Many of 
the radionuclides that are likely to migrate to the surface environment are not, however, 
strongly sorbing.  

Factors affecting soil sorption include soil texture, organic matter content, temperature, 
mineralogy, speciation and the local geochemical conditions of the soil porewaters, such 
as ionic strength, pH and Eh. A primary difference between sorption in soil and in the 
geosphere [8.3.3] is the abundance of organic material in soils that provides additional 
sorption sites. 

In surface waters, contaminants may adhere to particulates suspended in the water 
column and settle to the bottom. Contaminants can enter sediments from the water 
column or from below with discharging groundwater from the geosphere.  

The temporal evolution of sorption and desorption processes is important in the surface 
environment because it is subject to a wide range of natural and human-induced changes 
that may affect sorption potential. 

Uncertainties in the understanding of the FEP: 

There is a good conceptual understanding of the mechanisms that control sorption. 
Sorption in the surface environment may be subject to a wide range of natural and 
human-induced changes, e.g. contaminant retention or mobility could change in 
response to seasonal variations in precipitation, or more slowly in response to climate 
change and modification of land use. 

The primary uncertainties relate to the sorption capacity of the soils and sediments. The 
Kd (distribution coefficient) is a highly conditional parameter in terms of chemical 
conditions (pH, ionic strength etc.) and has to be derived for each set of surface 
conditions of interest. There is a general lack of relevant site-specific sorption data. 
Measured Kd values typically span several orders of magnitude, especially for the more 
strongly sorbed radionuclides. 

Couplings to other FEPs: 

Sorption is directly affected by the following FEPs: 

 Erosion [9.2.1] 
 Degradation [9.2.2] 
 Podzolisation [9.2.3] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Litterfall [9.2.14] 
 Bioturbation [9.2.15] 
 Diffusion [9.2.20] 
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 Terrestrialisation [9.3.1] 
 Advection [9.3.2] 
 Dispersion [9.3.3] 
 Water exchange [9.3.4] 
 Sedimentation and resuspension [9.3.5] 
 Climate evolution [10.2.1] 
Sorption directly affects the following FEPs: 

 Uptake [9.2.11] 
 Diffusion [9.2.20]  
 Advection [9.3.2] 
 Dispersion [9.3.3] 
 Water exchange [9.3.4] 
 Sedimentation and resuspension [9.3.5] 
References and bibliography: 

Garisto, F., Gierszewski, P. & Wei, K. 2004. Third case study: Features, events and 
processes. Toronto, Canada: Ontario Power Generation (OPG). Report 06829-REP-
01200-10125-R00. 296 p. 

 

9.2.22 Gas origin and implications 

Type: Class: 

Process System evolution, Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Gases are present in the surface environment in several forms and locations. The most 
abundant are the gases (and vapours) that form the Earth’s atmosphere, which is 
predominantly composed of N2 (78 %) and O2 (21 %) plus trace amounts of many other 
gases, including Ar, CO2, Ne, He, H2, CH4 etc.  

Gases are also present dissolved into surface and groundwaters, and trapped as free gas 
within pores in soils and sediments. These gases may become incorporated into plants 
and animals, through processes such as uptake [9.2.11], evapotranspiration [9.2.12] and 
inhalation [9.2.24]. 

The gases in the surface environment have multiple origins. Some gases have surficial 
sources and dissolve into infiltrating water in contact with the atmosphere or air bubbles 
(equilibration). Other gases originate in soil layers due to respiration and decay of 
organic debris, e.g. CO2 and nitrogen oxides, whereas others, such as hydrocarbons, 
noble gases, nitrogen, and hydrogen are formed below the groundwater table by 
microbial, radiogenic and thermogenic processes or even derived from the mantle 
(Pitkänen & Partamies 2007). 

Natural gases can be used as a tracer to provide information on potential gas transport 
mechanisms and rates in the geosphere and surface environment at a repository site. Gas 
contents and compositions in the surface environment (including near-surface 
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groundwaters) are dependent on both atmospheric and hydrogeochemical conditions. 
Therefore, it is important to understand the evolution of the hydrogeochemical system 
when evaluating gas generation and transport.  

In addition to chemical conditions, gas composition is significantly affected by 
microbial activity, which generally catalyses redox processes by consuming or 
producing gases. Since natural gases are essential for many biological processes, 
understanding the abundance and distribution of naturally-occurring gases such as O2, 
CO2, nitrogen species and hydrocarbons etc. is important for safety studies.  

Certain radionuclides released from the repository may migrate through the geosphere 
in association with gases, such as C-14 incorporated into CO2 or CH4 [8.3.7]. If these 
repository-derived gases reach the surface environment, they may mix and be 
transported with the naturally-occurring gases, depending on their physical and 
chemical properties (Garisto et al. 2009).  

In shallow groundwaters and surface waters, dissolved gases may be transported by 
advection [9.3.2]. The solubility of gases in water increases with increasing hydrostatic 
pressure (i.e. depth), but decreases with increasing temperature and salinity. 

Repository-derived radionuclides may enter the atmosphere when dissolved gases 
exceed their solubility limits, or as a result of processes such as evapotranspiration 
[9.2.12]. Once in the atmosphere in gaseous form, these radionuclides may be dispersed 
and transported over very large areas by wind. Atmospheric transport can, therefore, 
provide exposure pathways that allow gaseous contaminants to move from limited 
discharge points to wider areas where they could result in more serious impacts (Garisto 
et al. 2004, p. 250).  

The release of repository-derived radionuclides to, and their transport within, the 
surface environment will affect the distribution of radionuclides and, thus, the potential 
exposure through inhalation [9.2.24]. 

Uncertainties in the understanding of the FEP: 

The processes for gas generation within the repository are well understood but there is 
some uncertainty regarding the volumes of repository-derived gases that may be 
generated and transported to the surface environment in the future. 

Naturally-occurring gas generation and transport processes are relatively well 
understood at Olkiluoto, but the kinetics of microbiological formation and the rate of 
accumulation of either microbiological or abiogenic methane are not well known 
(Pitkänen & Partamies 2007). 

Most gas samples at Olkiluoto seem to be representative and the data are considered 
reliable. However, sampling artefacts distort both the composition and the content of 
gases, particularly of the light, less soluble gases (H2, He, N2) in CH4-rich samples. 
Varying amounts of O2 found in samples are probably caused by contamination during 
sample treatment (Pitkänen & Partamies 2007). 

Couplings to other FEPs: 

Gas origin and implications is directly affected by the following FEPs: 

 Gas transport (in the geosphere) [8.3.7] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
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 Groundwater discharge and recharge [9.2.7] 
 Atmospheric resuspension [9.2.19] 
 Respiration [9.2.25] 
 Climate evolution [10.2.1] 
 Permafrost formation [10.2.3] 
Gas origin and implications directly affects the following FEPs: 

 Uptake [9.2.11] 
 Atmospheric deposition [9.2.18] 
 Diffusion [9.2.20] 
 Inhalation of air [9.2.24]  
 Advection [9.3.2] 
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9.2.23 Ingestion of food 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Ingestion of food refers to the incorporation of substances, except water [9.3.6], into an 
organism with the purpose of satisfying the nutrient need. For humans, this is equivalent 
to the consumption of edibles. Any radionuclides associated with food that are ingested 
will contribute to the internal radiation exposure of humans.  
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Ingestion of food is not only limited to humans but is also of importance for animals. 
The process is commonly expressed in terms of simplified food webs such as Figure 9-3 
for terrestrial ecosystems and Figure 9-4 for aquatic ecosystems. In general, all  

 

Figure 9-3. An example of a generalised terrestrial food web.  

 

 

Figure 9-4. An example of a generalised aquatic food web. 
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organisms have a role in the system. Also, some organisms may have different roles 
depending on their life stage. All organisms can be associated with one or more trophic 
level depending on the nature of their food resources. 

Ingestion of food, in the case of terrestrial animals, varies considerably with species, 
season and environment. Animals can be roughly divided into herbivores feeding on 
plants, carnivores feeding on meat and other animal tissues, and omnivores that use both 
plant and meat to satisfy their energy and nutritional needs. Among these groups there 
are species that have very variable diet, but there are also species that are highly 
selective.  

Typically, animals use food sources that are most advantageous with regard to energy 
and nutritional quality. In the Olkiluoto reference areas (Biosphere Description), for 
example, moose use a fairly wide variety of different plant materials, whereas roe deer 
are much more selective. Grey seal uses only fish and further tends to select fish species 
with high energy content.  

The base of the aquatic food web, Figure 9-4, is primary producers which consist 
mainly of photosynthesising organisms (macrophytes and phytoplankton). Consumers 
utilise primary producers, decomposers and also lower and same level consumers. 
Decomposers utilise all the other components of the food web and release inorganic and 
organic substances to the aquatic ecosystem (decomposers include also the so-called 
microbial loop, which is a smaller scale food web inside the classic aquatic food web). 
In some cases, allochthonous debris from terrestrial plants can be the primary energy 
source for the aquatic food web, especially in a river environment.  

In terms of digestion, animals can be divided into ruminants and monogastric species, 
and monogastric mammals can be further divided into hindgut fermenters and human-
like digestion. The ruminant digestion system (Figure 9-5) is an adaption for a diet that 
contains high levels of cellulose-rich plant material. Carnivores and many omnivores 
have a digestion system that is adapted to use an easily digestible diet. 

As a result of the different systems of metabolism in these groups, ingested food spends 
variable amount of time within the different components of the gastrointestinal tract. In 
the case of ruminants and hindgut fermenters, digestion of food material takes longer 
than in the case of carnivores and omnivores (Underwood & Suttle 1999, McDonald et 
al. 2002). 
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Figure 9-5. The ruminant digestive tract. From Linn et al. (2002).  

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties related with the conceptual understanding of 
ingestion of food. There are, however, significant uncertainties in quantifying the 
ingestion rates of different food groups for animals and people. Uncertainties are also 
due to the inhomogeneous distribution of radionuclides in different types of food (and 
within parts of edible food sources, such as a plant), and the amount of contaminated 
food that may be ingested. The complexity of the food webs and diverse interactions 
between species is another cause of uncertainty.  

There are also uncertainties in the digestibility of different types of food and in the 
bioavailability of radionuclides for uptake from the gastrointestinal tract. The latter is 
affected by numerous factors including age, state of health, dietary form and nutrient 
status of the diet. 

Couplings to other FEPs: 

Ingestion of food is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Uptake [9.2.11] 
 Translocation [9.2.13] 
 Litterfall [9.2.14] 
 Senescence [9.2.17] 
 Food source potential [9.2.31] 
 Dietary profile [9.2.32] 
 Flooding [9.3.7] 
 Climate evolution [10.2.1] 
Ingestion of food directly affects the following FEPs: 

 Exposed population [9.2.34] 
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9.2.24 Inhalation of air 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Inhalation of air refers to the air transferred to the respiratory system whilst breathing. 
This includes the inhalation of radionuclides present in the air due to resuspension of 
radionuclides [9.2.19] and release of volatile gases. An additional mechanism affecting 
exposure of the receptor, in the case of inhaling resuspended particles, is the 
respirability of soil particles.  

Inhalation of air in aquatic ecosystems, i.e. aquatic respiration, is the process by which 
an aquatic organism obtains oxygen from water directly through the skin or through the 
gills. In contrast to the terrestrial ecosystem, the inhalation of air in an aquatic 
ecosystem is not relevant to radionuclide transport, because the main transport pathway 
of radionuclides is directly from water to the organism. 

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties in the conceptual understanding of inhalation. 
There are, however, significant uncertainties related to the inhomogeneous distribution 
of radionuclides in air and in suspended particles, and the amount of contamination that 
may be inhaled. 
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Couplings to other FEPs: 

Inhalation of air is directly affected by the following FEPs: 

 Atmospheric resuspension [9.2.19] 
 Gas origin and implications [9.2.22]  
 Climate evolution [10.2.1] 
Inhalation of air directly affects the following FEPs: 

 Exposed population [9.2.34] 
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9.2.25 Respiration 

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Respiration is the process leading to exchange of gases between (terrestrial and aquatic) 
animals, vegetation, or microbes, and the surrounding atmosphere. In aquatic 
environments, the gas exchange between an organism and the atmosphere occurs 
through water. Vegetation and animals can release radionuclides to atmosphere by 
respiration, such as C-14 in carbon dioxide and other radionuclides such as Se-79 
incorporated in the gaseous products of metabolism.  

Radionuclides may be released from soil microbes in gaseous form [9.2.22]. This is 
potentially important for C-14 (e.g. in methane, organic acids and carbon dioxide), but 
may also be of significance for other radionuclides, e.g. Cl-36, Se-79 and I-129. Gases 
can be formed by microbial activity in three ways: direct biodegradation of organic 
materials (which act as a nutrient source); direct catalysis of anaerobic corrosion of 
metals; and indirectly by producing chemical environments which cause gas production 
e.g. production of acids which enhance metal corrosion. 

Uncertainties in the understanding of the FEP: 

There is a good conceptual understanding of the process of respiration, and respiration 
rates are well defined and have been extensively measured for many species. There is 
some small uncertainty regarding specific rate data for species in the Olkiluoto area but 
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these are not significant (Haapanen et al. 2009, Table 12.7). 

Couplings to other FEPs: 

Respiration is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Drainage [9.2.9] 
 Evapotranspiration [9.2.12] 
 Atmospheric resuspension [9.2.19] 
 Climate evolution [10.2.1] 
Respiration directly affects the following FEPs: 

 Gas origin and implications [9.2.22] 
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9.2.26 External radiation from the ground  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

External radiation from the ground is the mechanism by which humans, animals and 
plants can be exposed to radiation from contaminated terrestrial environmental media, 
mainly soils. 

The degree of exposure for a recipient on the ground surface will vary, in part, 
according to the nature and distribution of radionuclides in the ground, which governs 
how the radiation interacts with the environmental media (mainly through attenuation 
and scattering) between the radionuclides and the recipient. Another factor that affects 
the degree of exposure, especially of humans, is the shielding that dwellings may give. 

The spatial variation in radionuclide concentrations will be driven by the location of 
discharges of contaminated groundwater [9.2.7] and all of the processes that can cause 
the subsequent redistribution of radionuclides within the surface environment, such as 
erosion [9.2.1], degradation [9.2.2] and flooding [9.3.7]. 
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Uncertainties in the understanding of the FEP: 

There are no significant uncertainties related to the conceptual understanding of external 
radiation from the ground. Sources of uncertainties when estimating the level of 
external exposure from ground are the variability of the radionuclide concentration in 
the ground, laterally and vertically, the roughness of the ground surface, and the density 
of the soil taking its time-varying water content into account. 

Couplings to other FEPs: 

External radiation from the ground is directly affected by the following FEPs: 

 Erosion [9.2.1] 
 Degradation [9.2.2] 
 Groundwater discharge and recharge [9.2.7] 
 Capillary rise [9.2.10] 
 Litterfall [9.2.14] 
 Bioturbation [9.2.15] 
 Flooding [9.3.7] 
 Climate evolution [10.2.1] 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
 Inadvertent human intrusion [10.2.5] 
External radiation from the ground directly affects the following FEPs: 

 Exposed population [9.2.34] 
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9.2.27 Exposure from radiation sources  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

If future humans were to inadvertently drill or excavate into the repository [10.2.5] and 
recover some of the disposed spent nuclear fuel or contaminated parts of the engineered 
barrier materials, they would experience a direct radiation exposure. This process is 
dependent on inadvertent human intrusion and cannot occur under the expected normal 
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evolution of the repository system.  

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties related with the conceptual understanding of 
direct exposure to the waste. There is, however, considerable uncertainty in evaluating 
the likelihood of direct exposure taking place and the quantity of material that may be 
recovered, and the subsequent exposure mechanism and duration. 

Couplings to other FEPs: 

Exposure from radiation sources is directly affected by the following FEPs: 

 Inadvertent human intrusion [10.2.5] 
Exposure from radiation sources directly affects the following FEPs: 

 Exposed population [9.2.34] 
References and bibliography: 
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9.2.28 Topography 

Type: Class: 

Feature System evolution 

Alternative names: Number in 2007-12: 

Land relief; Bathymetry; Morphology Not applicable 

General description: 

In a broad sense, topography is the local land surface, including natural land, vegetative 
and water relief, and man-made artefacts such as mounds and ditches etc. The land 
relief, or terrain, is the vertical and horizontal geometry of the land surface, whereas the 
equivalent term for underwater surfaces is bathymetry.  

Topography specifically involves the recording of relief or terrain, the three-
dimensional quality of the surface, and the identification of specific landforms. This is 
also known as geomorphometry. Landform elements also include seascape and oceanic 
waterbodies interface features such as bays, peninsulas, seas and so forth, including sub-
aqueous terrain features such as submersed mountain ranges, volcanoes, and the great 
ocean basins. Landforms are categorised by characteristic physical attributes such as 
elevation, slope, orientation, stratification, rock exposure, and soil type. A number of 
factors, ranging from plate tectonics to erosion [9.2.1] and deposition can generate and 
affect landforms. Biological factors can also influence landforms – for example, 
vegetation, in the development of dune systems, and corals and algae in the formation of 
coral reefs. 
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Topography, bottom currents and water depth have had a great influence on the 
deposition and distribution of postglacial sediments. In a coastal area with land uplift 
and developing archipelago, such as Olkiluoto, this leads to a typical development 
exemplified by Brydsten (2009, p. 53) in which the sea bottom type changes from 
accumulation to transport, erosion, and finally land areas (unless a lake forms). The 
accumulation bottoms are close to the shore in semi-enclosed bays or on leeside of 
larger islands and in the deepest parts of the open sea. Erosion bottoms are found to 
occur on shallow bottoms exposed to the strongest winds, and the transport bottoms 
occur as a wide belt between the erosion and accumulation bottoms. In addition, the 
bottoms can be divided into hard and soft bottoms, depending on the sediment type, and 
according to light conditions into photic and aphotic bottoms. The same development is 
also found in lakes (Biosphere Description). 

The characteristics of aquatic habitats is partially defined by different landscapes and 
their processes, like accumulation and erosion, including the way they interact with 
currents and waves and the way sunlight diminishes when these landforms occupy 
increasing depths. 

Topography defines the location of groundwater recharge and discharge points [9.2.7] 
and the magnitude of the hydraulic heads that drive local and regional groundwater 
flows [8.3.5], as well as the system of surface water runoff [9.2.8] and drainage [9.2.9]. 
The discharges tend to occur in the sea, streams, lakes and wetlands, which are found at 
lower elevations in the landscape. Local features such as the angle of slope affect the 
amounts of moisture and soil that are retained, which in turn influences plant and animal 
communities, and the distribution of human activities such as agriculture and 
aquaculture [9.2.4]. Because groundwater is the main transporting agent for migrating 
radionuclides, the topography will largely determine the flowpaths of radionuclides 
discharged to the surface. 

Changes to the topography can be caused by natural and human activities. Regional and 
local changes can occur by processes such as lake infilling, river course meandering, 
fluvial and wind erosion, soil and landscape subsidence, and construction of dams by 
both humans and beavers. Over the longer term, topography is significantly affected by 
land uplift and depression [10.2.4]. 

Uncertainties in the understanding of the FEP: 

The terrestrial topography is well understood and has been widely mapped, but a lack of 
information on marine topography remains in certain areas. There is some uncertainty 
concerning future changes to topography that may be caused by climate evolution, 
particularly due to glacial conditions associated with future ice-sheet coverage, surface 
denudation/erosion, and isostatic rebound. 

Couplings to other FEPs: 

Topography is directly affected by the following FEPs: 

 Erosion [9.2.1] 
 Demographics [9.2.33] 
 Terrestrialisation [9.3.1] 
 Sedimentation and resuspension [9.3.5]  
 Climate evolution [10.2.1] 
 Glaciation [10.2.2] 
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 Land uplift and depression [10.2.4] 
Topography directly affects the following FEPs: 

 Erosion [9.2.1] 
 Degradation [9.2.2] 
 Podzolisation [9.2.3] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Migration of fauna [9.2.16] 
 Demographics [9.2.33] 
 Terrestrialisation [9.3.1] 
 Water exchange [9.3.4] 
 Sedimentation and resuspension [9.3.5] 
 Flooding [9.3.7] 
 Water source potential [9.3.8] 
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9.2.29 Well  

Type: Class: 

Feature Migration 

Alternative names: Number in 2007-12: 

Anthropogenic well; (Drinking) water well Not applicable 

General description: 

A well is an excavation in the ground purposely constructed to extract groundwater 
from underground aquifers [9.2.30]. Groundwater is fed by the percolation of water 
from the soil moisture zone or by infiltration from rivers and other water bodies [9.2.6]. 
The extracted water may typically be used as household water (e.g. drinking, bathing 



419 

 

 

and showering), for watering of animals and for irrigation of crops and garden.  

Any radionuclides associated with the groundwater will be extracted with the 
groundwater, and may be redistributed in the surface environment depending on how 
the water is used. Potentially, radionuclides extracted from a well with the groundwater 
can be ingested directly in drinking water [9.3.6] or indirectly on or in foodstuffs that 
have been watered/irrigated with the contaminated groundwater [9.2.23].  

When water is extracted from a well, the water level in the well can drop. When the 
water level in the well falls below the level of the water table in the surrounding aquifer, 
groundwater will flow into the well from the rock or overburden. If the rate of 
consumption is high (and continues over a period of time), the flow of water from the 
rock to the well will cause the water table in the aquifer to fall in the vicinity of the well 
to form a ‘cone of depression’. Within a cone of depression, all groundwater flows to 
the well. The outer limits of the cone define the well’s area of influence, which is 
dependent on the balance between the rate of consumption and the groundwater flow 
rate within the aquifer. This process may draw towards the well any radionuclides that 
are dispersed in the rock and groundwater within the cone of depression (Bear 2007). 

Wells vary greatly in depth, from a few metres to several hundreds of metres. Deep 
wells are here defined as those drilled into the bedrock to approximately repository 
depths, of around 300–400 m. Such wells are uncommon in Finland because sufficient 
volumes of groundwater can usually be extracted from shallow wells. In addition, deep 
groundwaters tend not to be potable because of their high salinity and, instead, fresh 
shallow groundwaters are favoured for drinking and irrigation. 

Shallow wells are defined as those drilled (or dug) into the rock or overburden to the 
minimum sufficient depth to achieve reliable supplies of water for drinking, watering 
and irrigation. In Finland, this is usually achieved within a depth of 100 m. On the 
Olkiluoto Island there have been 11 private wells that ranged in depth from 16–73 m 
(Ikonen et al. 2003).  

The volume and quality of the water that is extracted from wells varies significantly, 
depending on the nature of the ground into which the well is dug or the borehole is 
drilled. Well water typically contains more minerals in solution than surface waters, and 
may require treatment to soften the water by removing dissolved substances such as iron 
and manganese. Any drinking water treatment (filtration, chemical treatment etc.) may 
also remove radionuclides in the groundwater.   

Uncertainties in the understanding of the FEP: 

The process by which a well influences the water table in aquifers is well understood. 
There are, however, a number of quantitative uncertainties regarding the future number 
of wells, their location, depths and the rates of water extraction. 

The greatest uncertainty related to the supply of water from a well is associated with the 
hydraulic conductivity of the aquifer and the thickness of the profile intersected by the 
well. In wells drilled into bedrock, this uncertainty is related to the hydraulic 
conductivity of the sparsely fractured bedrock and the distribution of individual highly 
conductive fractures, because one or a few such fractures may dominate the yield of the 
well. 

In the case that a well is drilled into a highly conducting fracture zone that extends close 
to ground surface, the supply of water may be higher, but there is the uncertainty related 
to the interconnected flow pathways in the surrounding rock mass defining the region 
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from which this water is extracted. Infiltration experiments at Olkiluoto (Pitkänen et al. 
2009) provide data regarding possible pathways for groundwater flow through the 
overburden and shallow bedrock to a well. A groundwater volume of between 900 and 
1200 m3/a has been pumped from borehole OL-KR14 since December 2008, and the 
hydraulic head and changes in the chemistry of groundwater have been monitored 
(Aalto et al. 2011). 

Couplings to other FEPs: 

Well is directly affected by the following FEPs: 

 Construction of a well [9.2.30] 

Well directly affects the following FEPs: 

 Ingestion of drinking water [9.3.6] 
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9.2.30 Construction of a well  

Type: Class: 

Event System evolution 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

A well is an excavation in the ground purposely constructed to extract groundwater 
from underground aquifers that may be used for household water (e.g. drinking, bathing 
and showering), for watering of animals and for irrigation of crops [9.2.29].  

There are three common methods used to construct a well, and the choice of method 
typically reflects the characteristics of the site, the required consumption rate, and the 
skills and ability of the people constructing the well (Driscoll 2008). The significance of 
the construction method comes from the differences in the potential depth and 
extraction rates that may be achieved and, therefore, the potential for extracting 
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groundwater contaminated with radionuclides (Lahermo et al. 2002). 

Dug wells: until the last 100 years or so, almost all wells were hand-dug. Dug wells are 
excavations with diameters large enough to accommodate one or more workers with 
shovels digging down to below the water table. Dug wells can be lined with laid stones 
or brick. Often, this lining extends above ground level to form a wall around the well, 
serving to minimise both contamination and injuries to people and animals falling into 
the well. Modern methods use reinforced concrete or plain concrete pre-cast well rings 
in the hole. A dug well cannot be constructed much deeper than the water table because 
it would continuously fill with water during construction.  

Driven wells: these may be very simply constructed in soft unconsolidated soils and 
sediments, such as sand or gravel, by driving a pipe with a sharp, hardened point (a well 
point) into the ground. The well point is simply hammered into the ground, usually with 
a tripod and driver, and additional pipe sections are added as needed to reach the water 
table. A screen is usually attached to the bottom of the pipe to filter out sand and other 
soil particles that may contaminate the groundwater. When groundwater is encountered, 
the well is washed of sediment and a pump is installed. 

Drilled wells: these range from small wells constructed by simple hand-drilling methods 
to large, machine-drilled systems. Drilled wells are typically created using either rotary 
or cable-tool drilling machines, all of which use drilling stems that are turned to create a 
cutting action in the bedrock. Drilled wells are usually cased with steel or plastic, with 
the lower part of the well fitted with filter screens. Drilled wells can extend to much 
greater depths than dug or driven wells, and readily may reach depths of hundreds of 
metres, although such depths are uncommon in Finland due to the abundance of potable 
shallow groundwaters. 

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties identified with understanding the methods for well 
construction. 

Couplings to other FEPs: 

Construction of a well is directly affected by the following FEPs: 

 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Climate evolution [10.2.1] 

Construction of a well directly affects the following FEPs: 

 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
 Well [9.2.29] 
 Ingestion of drinking water [9.3.6] 
 Inadvertent human intrusion [10.2.5] 
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9.2.31 Food source potential 

Type: Class: 

Feature Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Food source potential is the edible foods produced and stored in an ecosystem 
component that are available for consumption, either by humans or other organisms.  

Food source potential is influenced by the natural characteristics of the landscape, such 
as topography [9.2.28], but can also be greatly affected by human activities, particularly 
agriculture and aquaculture [9.2.4] that are intended to increase the potential. However, 
certain human actions may also reduce the potential if they cause land degradation 
[9.2.2]. Any radionuclides associated with the edible materials can be ingested by 
humans and animals [9.2.23].  

The composition of edible materials in the food source may differ depending on the 
assumptions made as to the behaviour of the consumer, as defined by their dietary 
profile [9.2.32]. 

Uncertainties in the understanding of the FEP: 

There is inherent heterogeneity in how much food a certain ecosystem produces in a 
certain area. Consequently, the variability in production of edible materials, both 
spatially and temporally, is likely to be large.  

Furthermore, the underlying data for annual production of certain types of edible 
materials (particularly those that are collected or hunted by individuals from the wild) 
are sparse. This means that it is difficult to assess the degree of representativeness of 
derived values, especially over the long term.  

Couplings to other FEPs: 

Food source potential is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Uptake [9.2.11] 
 Migration of fauna [9.2.16] 
 Ingestion of food [9.2.23] 
 Climate evolution [10.2.1] 

Food source potential directly affects the following FEPs: 

 Ingestion of food [9.2.23] 
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 Dietary profile [9.2.32] 

References and bibliography: 

Biosphere Assessment 
Safety case for the disposal of spent nuclear fuel at Olkiluoto - Biosphere Assessment 
BSA-2012. Eurajoki, Finland: Posiva Oy. POSIVA 2012-10. ISBN 978-951-652-191-9. 
 

9.2.32 Dietary profile 

Type: Class: 

Feature System evolution; Migration 

Alternative names: Number in 2007-12: 

Food consumption; Eating habits Not applicable 

General description: 

The dietary profile is the characteristics of the food consumed by a group of people that 
is commonly expressed as the mean annual consumption of foods in different food 
groups. 

The composition of the group of people may vary depending on the context. For 
example, the dietary profile may be selected to represent a spatially limited group of 
people (local, regional, or national level), a certain age group, or a group with 
specialised food preferences (such as vegetarians). 

The National FINDIET 2007 Survey is the most recent review of the food consumption 
and nutritional intake of the adult Finnish population (Paturi et al. 2008). It provides 
comprehensive information on the long-term average food consumption of Finnish 
adults and indicates seasonal variations. According to the survey, one-third of the 
average daily food energy was derived from cereal and bakery products, and another 
one-third from meat dishes, milk and other dairy products (Figure 9-6).  

Caution is needed when applying national food statistics to a particular local context, 
because local diets can differ substantially from national average diets. For example, a 
coastal location has much greater emphasis on marine food items. 

Some variation in food consumption was observed between people of different age 
groups: notably between working age men and women (25–64 years) and the elderly 
(65–74 years). There were also some gender differences, with women deriving a 
significantly higher proportion of their energy from fruits and vegetables than men. The 
use of berries was also more frequent among the elderly than in the working age group. 
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Figure 9-6. Daily intake of energy for adult men and women by food use class. From 
Paturi et al. (2008). 

 

Uncertainties in the understanding of the FEP: 

The main uncertainty in the dietary profile is the variability in consumption rates of 
different foodstuffs. This variability is mainly due to the differences in the composition 
of foodstuffs and the calorific requirements at an individual level. The differences are 
also strongly determined by individual preferences. 

Couplings to other FEPs: 

Dietary profile is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Food source potential [9.2.31] 
 Demographics [9.2.33] 
 Climate evolution [10.2.1] 

Dietary profile directly affects the following FEPs: 

 Ingestion of food [9.2.23] 
 Exposed population [9.2.34] 

References and bibliography: 

Paturi, M., Tapanainen, H., Reinivuo, H. & Pietinen, P. (eds.) 2008. The national 
FINDIET 2007 survey. Helsinki, Finland: National Public Health Institute. Publications 
of the National Public Health Institute B23/2008. 228 p. ISBN 978-951-740-847-9. 
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9.2.33 Demographics 

Type: Class: 

Feature System evolution 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Demographics, or demographic data, are the statistically defined characteristics of a 
human population. Commonly used demographic data include gender, race, age, home 
ownership, and location. The uncertainties associated with predicting demographic data 
for future generations increase rapidly the further from the present the prediction is 
made. The regulatory guide, however, specifies that human habits may be assumed to 
remain unchanged during the time window where the dose constraints apply. When 
describing demographics it is, therefore, considered to be sufficient to limit the 
understanding to the present-day characteristics of the population in the area around the 
Olkiluoto site.  

The Olkiluoto area may be characterised as a sparsely populated rural area, where the 
settlements are distributed in a scattered pattern (Biosphere Description). The 
population density in the reference area around Olkiluoto is 30–40 inhabitants/km2 and 
close to the site the average density is even lower, with most of the dwellings being 
summer cottages. There are no large urban areas and cities near the Olkiluoto site, and 
the largest population centre is the town of Rauma, 13 km south of Olkiluoto (Figure 
9-7). This is the only settlement in the area that exhibits the characteristics of a fully 
urbanised environment. 
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Figure 9-7. Overview of the region around the Olkiluoto site. The red rectangle shows 
the area that has been applied to previous biosphere assessment modelling. 
Topographic database by the National Land Survey of Finland, map layout by Jani 
Helin/Posiva Oy.  

Uncertainties in the understanding of the FEP: 

The uncertainty in the present-day demographics is rather small, but would significantly 
increase with time if it were necessary to predict future human behaviour. By assuming 
that the present-day demographic situation remains unchanged during the period which 
the regulatory dose constraints apply, the future uncertainties are reduced with regards 
to modelling requirements. There is no need to speculate on the situation beyond several 
millennia, because the regulatory requirements are then based on activity fluxes of 
radionuclides from the geosphere, removing the need for describing the demographic 
situation. 

Couplings to other FEPs: 

Demographics is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Topography [9.2.28] 
 Climate evolution [10.2.1] 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
 Land uplift and depression [10.2.4] 

Demographics directly affects the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
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 Forest and peatland management [9.2.5] 
 Migration of fauna [9.2.16] 
 Atmospheric deposition [9.2.18] 
 Dietary profile [9.2.32] 
 Exposed population [9.2.34] 
 Climate evolution [10.2.1] 
 Inadvertent human intrusion [10.2.5] 

References and bibliography: 

Biosphere Description  
Olkiluoto Biosphere Description 2012. Eurajoki, Finland: Posiva Oy. POSIVA 2012-06. 
ISBN 978-951-652-187-2. 

 

9.2.34 Exposed population 

Type: Class: 

Feature System evolution 

Alternative names: Number in 2007-12: 

Exposed group; Potentially exposed group Not applicable 

General description: 

A population generally refers to all the organisms that both belong to the same species 
and live in the same geographical area. In this context, the exposed population refers to 
all the members of the public, or all individuals of an animal or plant species, in the 
surface environment that may be exposed to ionising radiation that is derived from 
radionuclides potentially released from the repository after emplacement of the waste. 

In the definition of members of the public, it is usual to exclude workers exposed during 
their working hours (EU 1996). This is interpreted by Posiva to mean workers directly 
involved in disposal operations, rather than workers in other unrelated industries that 
may be exposed to releases from the repository during their working hours (e.g. farmers 
and forest workers). Such workers do not receive any benefits from the repository and 
are, therefore, treated as if they are members of the public in the context of long-term 
safety. 

The exposure to an individual in the exposed population is caused by one or several 
exposure pathways. The main modes of exposure considered when identifying the 
exposed population are: 

 internal exposure due to ingestion of radionuclides in food [9.2.23] and water 
[9.3.6], 

 internal exposure due to inhalation of radionuclides in the air [9.2.24], and 

 external exposure due to proximity to contaminated environmental media [9.2.26], 
and the length of time people reside in the contaminated zone. 

The exposed population is, therefore, largely determined by the natural characteristics 
of the surface environment such as topography [9.2.28], the demographics of the human 
population [9.2.33], and their dietary profile [9.2.32]. 
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In the non-human biota context, population is largely synonymous with ‘species’, but 
with an emphasis on maintaining viability within a restricted spatial zone. Individuals 
within populations may be exposed to radioactivity as a result of internal contamination 
(e.g. resulting from consumption pathways) or external exposure to contaminated 
media. 

Uncertainties in the understanding of the FEP: 

The concept of the exposed population is well developed, but there are significant 
uncertainties associated with defining future exposed populations that are strongly 
correlated to the uncertainties related to future human behaviour.  

The main uncertainties are those related to land use (especially agricultural practices 
[9.2.4]) and demography [9.2.33]. Initially, these uncertainties are rather small because 
the current behaviour is well described and understood. The uncertainties rapidly 
increase with time in the future. However, by assuming that the present-day surface 
environment and demographics remain unchanged, in line with the regulatory 
guidelines, these future uncertainties are reduced with regards to modelling 
requirements. 

The concept of the exposed population for non-human biota is less well developed than 
for humans. It is not feasible to evaluate the exposure of all living populations that may 
be exposed to radiation in the biosphere resulting from the repository. As such, a sub-set 
of plant and animal types must be selected that are representative of the types of animal 
and plant that are currently present in the region (and that could be reasonably foreseen 
to be present over the assessment time frame). This selection is associated with 
uncertainties. In selecting animal and plant types, particular consideration is given to 
those that are representative of ecological niches of importance in the maintenance of 
community structure and habitat function and those that, by their behavioural habits, 
may be exposed to radiation present in the environment to a greater extent, e.g. those 
with soil-dwelling habits. 

Couplings to other FEPs: 

Exposed population is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Uptake [9.2.11] 
 Ingestion of food [9.2.23] 
 Inhalation of air [9.2.24] 
 External radiation from the ground [9.2.26] 
 Exposure from radiation sources [9.2.27] 
 Dietary profile [9.2.32] 
 Demographics [9.2.33]  
 Ingestion of drinking water [9.3.6] 
 Climate evolution [10.2.1] 
Exposed population directly affects the calculated dose. 

References and bibliography: 
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9.3 Aquatic sub-system FEPs 

The aquatic sub-system in the Olkiluoto region is characterised by a range of different 
ecosystems, such as rivers, lakes and the sea. The potential interactions associated with 
these ecosystems are shown in the interaction matrix (Table 9-4). 
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Table 9-4. The interaction matrix for the Aquatic sub-system in the Surface environment, including interactions with the Terrestrial sub-
system. A short name for some of the FEPs is used in the table: Agri- & aquaculture (Agriculture and aquaculture), Gas origin (Gas origin 
and implications), Sedimentation & resusp. (Sedimentation and resuspension). 
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In addition to the FEPs shown in Table 9-4, a number of FEPs have been identified that 
are internal to each system component:  

 Atmosphere (local): none; 

 Water column: advection, diffusion, dispersion, food source potential, water 
exchange, water source potential; 

 Primary producers: food source potential, senescence; 

 Other organisms: food source potential, gas origin and implications; 

 Fish: food source potential; 

 Other vertebrates: food source potential; 

 Sediment: advection, decomposition, bioturbation, diffusion, food source potential, 
gas generation, sorption;  

 Livestock: food source potential; 

 Man: demographics, dietary profile, exposed population.  

 
System components 

Atmosphere (local): The atmosphere is generally the layer of gases (nitrogen, oxygen, 
argon, carbon dioxide, water vapour) surrounding the Earth that is retained by gravity. 
The local atmosphere in this context consists of the air mass from the ground surface up 
to a sufficient height above canopy to include all relevant above-canopy interactions, 
such as precipitation and dry deposition. Precipitation is included as part of the local 
atmosphere. 

Water column: The definition of the water column includes surface water bodies, e.g. 
rivers, streams, lakes and the sea, and subsurface water bodies such as aquifers. The 
water column includes not only the water itself, but also particulate and dissolved 
matter, in both organic (except phytoplankton) and inorganic forms. Wells are not part 
of the water column. 

Primary producers: Primary producers are autotrophic organisms, fundamental to the 
food chains of all ecosystems. Primary producers take energy from the environment in 
the form of sunlight or inorganic chemicals and use it to create energy-rich molecules 
such as carbohydrates. Phytoplankton, helophytes (biennial or herbaceous plants), and 
submergent macrophytes are examples of primary producers. 

Other organisms: This component consists of the fauna not addressed in other 
components. This includes the following littoral, benthic and pelagic organisms: 
microbes (especially bacteria), zooplankton (micro-size invertebrate herbivores and 
predators) and macrobenthos (macro-size invertebrate herbivores and predators).  

Fish: A fish is defined as an aquatic vertebrate that has gills and limbs, if any, in the 
shape of fins. Fish can be further divided from the perspective of the food web into 
phytoplankton-feeding, zooplankton-feeding, piscivorous and omnivorous fish.  
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Other vertebrates: This component includes mammals, birds, amphibians and reptiles. 
See explanations in Section 9.2.  

Sediment: The sediment component consists of particulate matter (inorganic and 
organic) deposited in the bottoms of the sea, rivers, streams and lakes, including 
interstitial water. Sediment may be conceptually divided into three layers, a top layer, 
intermediate layer and a deeper layer. The top layer of sediment would consist of the 
loose surface sediment (without the bacterial mat), which wave action may affect and 
which would become surface soil (rooting layer beneath the humus) by terrestrialisation. 
The intermediate and deeper layer of the sediment can be considered as the burial layer 
that has no direct contact with the water column. It is usually very low in organic 
substances since they have already been consumed in the top layer. 

Livestock: Livestock encompasses any breed or population of (domestic, semi-domestic 
or captive wild) animals kept by humans for subsistence or for profit. In aquaculture this 
means mainly producing farmed fish.  

Man: Man refers to humans as an organism. The component Man includes also the 
characteristics, and the habits and activities of humans. 

FEP descriptions 

Various FEPs (and their couplings) will affect the evolution of the aquatic sub-system. 
In turn, these FEPs can affect the migration of radionuclides and other substances 
through the surface environment and the radiation exposure of humans and the 
environment. The following descriptions summarise each of the FEPs (see also Section 
9.2 for those FEPs that are present in both the aquatic and terrestrial sub-systems).  

 

9.3.1 Terrestrialisation 

Type: Class: 

Process System evolution; Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Terrestrialisation means a hydroseral succession from open water basin to mire; e.g. 
lake to mire, coastal bay directly to mire or from coastal bay to a lake to mire, and it is 
regulated by biological or time-related sedimentation [9.3.5] processes. Thick limnic 
mud and gyttja layers are often found in the deeper parts of the mire. These are 
remnants of an ancient pool of lake or bay, and cover the original clay or silt bottom. 
Terrestrialisation may proceed from surface to bottom or from bottom to surface: 

 From the bottom to the top. This may occur in shallow, sheltered eutrophic lakes. 
The process starts with the growth of plants such as sedges, reeds and horsetail, and 
is then followed by the growth of mosses which cause the vertical development of 
the mire. 

 From the top to the bottom. This may occur in small ombrotrophic lakes. The 
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process is initiated by the development of a floating carpet of moss and is followed 
by the development of peat and the growth of sedges and reeds. 

In deep lakes and marine basins, sedimentation of material [9.3.5] on the bottom 
reduces the depth of the lake and is a prerequisite for terrestrialisation. Also important 
for marine basins will be reduction in depth due to land uplift [10.2.4]. 

After the initial development of a mire, peat accumulation is regulated by local 
hydrological and edaphic factors, and their changes in time, which in turn are regulated 
by climate, mineral soil composition, topography, fires and human action (Korhola & 
Tolonen 1996).  

Terrestrialisation may potentially occur in lakes that are discharge zones for 
contaminated groundwater and, thus, the process will affect the mechanisms for 
radionuclide migration into the surface environment. This may also occur in coastal 
bays that are discharge zones and transform directly to mires without going through a 
lake stage. The establishment of a mire may be accompanied by a change to organic-
rich, anoxic conditions which may cause the immobilisation of radionuclides associated 
with the discharging groundwater. 

Uncertainties in the understanding of the FEP: 

The conceptual understanding of terrestrialisation is well established, but the rate of the 
process is quite uncertain because it is dependent on many variables that promote or 
inhibit terrestrialisation, such as climate evolution and the local water balance. 

The rate of land uplift is a strong primary control on the terrestrialisation rate and so 
reduces uncertainty on timescale. 

Couplings to other FEPs: 

Terrestrialisation is directly affected by the following FEPs: 

 Erosion [9.2.1] 
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Runoff [9.2.8] 
 Topography [9.2.28] 
 Sedimentation and resuspension [9.3.5] 
 Climate evolution [10.2.1] 
 Land uplift and depression [10.2.4] 

Terrestrialisation directly affects the following FEPs: 

 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Sorption [9.2.21] 
 Topography [9.2.28] 

References and bibliography: 
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9.3.2 Advection  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Groundwater flow  Not applicable 

General description: 

Advection in the surface environment refers to the mass movement of water in a body 
such as a river, a lake or a marine basin, wind-driven currents in water bodies, shallow 
groundwater and soils etc. that is caused by any process (typically a hydraulic head 
gradient) that moves water in a vertical or horizontal direction. Examples of advection 
include runoff [9.2.8] and drainage [9.2.9]. 

Advection will act on radionuclides released to the surface environment in near-surface 
groundwater and at a discharge zone, and which are transported in flowing water. The 
process is analogous to advection (flow) of deep groundwater [8.3.5]. 

In stagnant waters and very low flow systems, such as in low permeability clay, 
diffusion may be the dominant transport mechanism for radionuclides [9.2.20]. If 
advection does take place, it will be accompanied by longitudinal and transverse 
dispersion [9.3.3] that will cause spreading of the radionuclide plume during its 
movement. 

The rate of advection in the surface environment is largely controlled by the hydraulic 
head gradient which is related to the topography [9.2.28] and the geometry of the 
flowing system (e.g. dimensions of a river). The head gradient typically varies in 
response to the amount of precipitation and, therefore, can be spatially and temporally 
(seasonally) variable. In rivers and lakes in the Olkiluoto case, advection is mainly 
caused by discharges from the upstream catchment areas (rivers Eurajoki and Lapijoki). 

The majority of the precipitation that infiltrates into the surface soils [9.2.6] will 
circulate in the shallow, local groundwater system contained within the overburden and 
topmost part of the bedrock. Only a very small proportion will reach the deep, regional 
groundwater flow system and can be involved in radionuclide transport processes within 
the deep geosphere (Pitkänen et al. 2009).  

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties regarding the fundamental understanding of 
advection, although there are uncertainties related to the site-specific rates and 
variability of advection in the surface environment. The largest uncertainty is associated 
with the conceptualisation of the runoff process and the exact pathways of water from 
precipitation to runoff and from groundwater discharge areas to streams, rivers and 
lakes. 

The current understanding of the temporal and spatial variability of advection at 
Olkiluoto has been improved by acquisition of data from the hydrological monitoring 
network (Vaittinen et al. 2010). There is a higher level of confidence in understanding 
advection processes in the central part of the island, but less confidence outside the 
present shoreline boundary since sediment properties are not well-known in those areas. 
Data that can be used to quantify advection further include measurements of 
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evapotranspiration, soil water content and runoff (Haapanen 2010). Measurements of 
the depth to the water table and soil hydraulic conductivity (Keskitalo 2009) provide 
information for estimating the Darcy flow velocity in overburden soils. 

The horizontal flow of radionuclides towards streams and lakes (via the runoff process) 
along preferential pathways at and close to the bedrock-overburden interface needs to be 
better understood. Infiltration experiments (Pitkänen et al. 2009) may provide useful 
data.  

 

Couplings to other FEPs: 

Advection is directly affected by the following FEPs: 

 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Capillary rise [9.2.10] 
 Sorption [9.2.21] 
 Gas origin and implications [9.2.22] 
 Water exchange [9.3.4] 
 Sedimentation and resuspension [9.3.5] 
 Climate evolution [10.2.1] 
Advection directly affects the following FEPs: 

 Runoff [9.2.8] 
 Diffusion [9.2.20] 
 Sorption [9.2.21] 
 Dispersion [9.3.3] 
 Water exchange [9.3.4] 
 Sedimentation and resuspension [9.3.5] 
 Flooding [9.3.7] 
 Water source potential [9.3.8] 
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9.3.3 Dispersion  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Hydrodynamic dispersion; Longitudinal dispersion Not applicable 

General description: 

Dispersion in aquatic systems refers to the spreading of a solute due to the velocity 
variation in different parts of the water body. Dispersion will act on radionuclides 
released to the surface environment at a discharge zone and which are transported in a 
flowing water body such as a river [9.3.2]. Dispersion in surface waters is analogous to 
dispersion in flowing groundwater [8.3.5]. 

The dispersion and mixing of radionuclides in a surface water body will take place in 
three dimensions, and will occur at different spatial scales. Local dispersion is caused 
by turbulent processes causing velocity variation around the average velocity. In rivers 
and lakes, velocity changes both in the vertical and horizontal directions cause 
dispersion. Very often vertical and lateral dispersion will be referred as ‘mixing’ and the 
elongation of the solute plume longitudinally will be referred to as longitudinal 
dispersion.  

In rivers, vertical mixing is normally completed quite rapidly, within a distance of a few 
river depths. Lateral mixing is much slower but is usually achieved within a few 
kilometres of flow downstream in a river. Longitudinal dispersion, having no 
boundaries, continues indefinitely. Mixing of surface waters of different composition 
may affect the chemical and physical retardation of migrating radionuclides.  

In lakes, vertical mixing is mainly caused by density differences due to temperature 
and/or salinity variations as a function of depth. In the Finnish climate, stratification due 
to temperature differences is common during the summer and winter, but the 
stratification is disrupted in the spring and autumn months, when the water body 
becomes completely mixed. Over the timescales relevant to radionuclide transport, 
complete mixing during the spring and autumn is sufficient to cause the radionuclide 
concentrations to be evenly distributed throughout the lakes. 

Dispersion increases with spatial scale as each new dispersive process is additional to 
those that have been experienced previously. Dispersion lowers the maximum 
radionuclide concentration in the plume (dilutes and ‘smears out’ the concentration 
field) and the leading edge of the plume will advance faster than the central areas. If 
radionuclides are distributed relatively uniformly over large areas, however, dispersion 
does not have a big influence. Furthermore, dispersion is not significant if radionuclide 
releases stay constant over long periods of time (over several years), which is the most 
probable situation in the case of releases from the geosphere. 
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Uncertainties in the understanding of the FEP: 

Dispersion is always caused by velocity variations in aquatic systems and the basic 
mechanisms are well understood.  

The magnitude of dispersion is, however, difficult to evaluate because the process is 
very scale dependent and dispersion increases with increasing scale.  

Couplings to other FEPs: 

Dispersion is directly affected by the following FEPs: 

 Runoff [9.2.8] 
 Diffusion [9.2.29] 
 Sorption [9.2.21] 
 Advection [9.3.2] 
 Water exchange [9.3.4] 
 Climate evolution [10.2.1] 
Dispersion directly affects the following FEPs: 

 Diffusion [9.2.20] 
 Sorption [9.2.21] 
References and bibliography: 
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9.3.4  Water exchange  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Water exchange in aquatic systems relates to the transfer of water between different 
water bodies, between water and sediment, and between water and soil horizons. Water 
exchange is driven by the hydraulic head gradient between the two components (water 
body, soil or sediment) and is, therefore, strongly coupled to the surface topography 
[9.2.28]. 

Water exchange is important because radionuclides associated with water (dissolved or 
suspended) will migrate during water exchange and, consequently, the process is 
important for redistributing radionuclides within the surface environment. The most 
important water exchange processes related to radionuclide transport from the 
geosphere to the biosphere include groundwater discharge [9.2.7], and exchanges 



438 

 

 

between bottom sediments and surface waters (e.g. in rivers and lakes), and between 
overburden soils horizons and surface waters.  

The rates of water exchange are highly variable and depend on local conditions and, in 
particular, the water-balance in the locality. Variability can be seasonal, but events such 
as flooding [9.3.7] can cause rapid changes in rate. 

Water exchange will also be influenced by future climate evolution [10.2.1] that will 
affect precipitation and temperature and, therefore, the entire water balance in the 
surface environment. 

Uncertainties in the understanding of the FEP: 

The basic mechanisms of water exchange are well-known and the biggest uncertainty is 
related to water exchange rates that cannot be measured directly, such as those between 
bottom sediments and surface water bodies.  

Some uncertainties can be reduced by the measurements carried out in the Olkiluoto 
hydrological (Vaittinen et al. 2010) and environmental (Haapanen 2010) monitoring 
programmes, but some exchanges cannot be directly measured and must be quantified 
by modelling. 

Couplings to other FEPs: 

Water exchange is directly affected by the following FEPs: 

 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Sorption [9.2.21] 
 Topography [9.2.28] 
 Advection [9.3.2] 
 Flooding [9.3.7] 
 Climatic evolution [10.2.1] 
 Permafrost formation [10.2.3] 
Water exchange directly affects the following FEPs: 

 Uptake [9.2.11] 
 Sorption [9.2.21] 
 Advection [9.3.2] 
 Dispersion [9.3.3] 
 Sedimentation and resuspension [9.3.5] 
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9.3.5 Sedimentation and resuspension 

Type: Class: 

Process System evolution; Migration 

Alternative names: Number in 2007-12: 

Deposition Not applicable 

General description: 

Sediment is a mixture of organic and inorganic material that is deposited and 
accumulates on the bottom of water bodies such as seas, lakes and rivers. The deposited 
material may be washed into the water from the surrounding catchment, fall directly 
from terrestrial plants or may be generated within the water, for example by 
precipitation and aquatic plants. The majority of sediments are a natural product of 
erosion [9.2.1], but the sediment load may be significantly increased by human 
activities, such as agriculture and aquaculture [9.2.4], forest and peatland management 
[9.2.5], drainage [9.2.9] or construction. 

Sedimentation, the downward flux of matter, is one of the important processes that 
governs aquatic ecosystem metabolism. Matter once deposited onto the lake, river or sea 
bottom can be returned into the water column by sediment resuspension. Resuspension-
causing factors, such as wind-induced wave disturbance, currents and turbulent 
fluctuations, as well as bioturbation caused by fish and benthic animals, may have 
substantial implications on water quality properties such as turbidity, light conditions, 
and concentrations of suspended solids and nutrients. Sediment resuspension, caused by 
wind activity, comprises most of the gross sedimentation and strongly contributes to the 
concentration of suspended solids and turbidity. The load may be divided into two 
components on the basis of the mode of transport: suspended sediment and bed load 
sediment. 

Suspended sediment consists of silt-sized and clay-sized particles held in suspension by 
turbulence in the flowing water. Bed load sediment consists of coarse particles which 
slide, roll, or bounce along the bed by the force of the moving water. The rates of 
sedimentation and sediment resuspension are not, however, constant within water 
bodies, but may show large temporal and spatial variations. Gross sedimentation and 
resuspension rates are often higher in shallow than in deep areas, due to sediment 
disturbance by waves and water currents. Sediment resuspended in shallow areas is then 
often transported to deeper areas and deposited. This phenomenon is called sediment 
focusing (Niemistö 2008, Chapter 1). 

Thus, based on the absence or occurrence of sediment erosion, water bottoms can be 
divided into different categories. At erosion bottoms, there is no net accumulation of 
sediment. Areas at greater depths, where resuspension occurs periodically, are termed 
transportation bottoms. The deepest areas, where settling material focuses, are called 
accumulation bottoms. 

Sediment resuspension occurs when the bottom shear stress exceeds a critical threshold 
that is specific to different types of sediment and is dependent on factors such as the 
water content and grain size and density. Fine particles and newly deposited material are 
resuspended more easily than coarse particles or compacted material.  

Sedimentation and resuspension may play a significant role in the transport and fate of 
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radionuclides released to the surface environment. Radionuclides may be attached, or 
adsorbed, to sediment particles and be transported to and deposited in other areas, 
causing their redistribution. Sedimentation of natural or other, man-made substances 
(e.g. fertilisers) can affect the geochemistry of the catchment and, consequently, the 
transport properties of the radionuclides (Karlsson et al. 2001, p. 17, 18). 

Uncertainties in the understanding of the FEP: 

Basic sedimentation processes are well understood, but quantifying the long-term rates 
of sedimentation and resuspension components is often difficult because of significant 
spatial and temporal variations.  

The sedimentation conditions are prone to changes due to external factors such as the 
near-bottom flow field and the suspended matter load in the water body. Indirect 
quantifications of long-term (positive) net sedimentation can be based on thickness and 
dating of recent sediments but detailed information on the respective external conditions 
is usually unavailable.  

Couplings to other FEPs: 

Sedimentation and resuspension is directly affected by the following FEPs: 

 Erosion [9.2.1] 
 Degradation [9.2.2]  
 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Runoff [9.2.8] 
 Drainage [9.2.9]  
 Sorption [9.2.21] 
 Topography [9.2.28]  
 Advection [9.3.2] 
 Water exchange [9.3.4] 
 Climate evolution [10.2.1] 
Sedimentation and resuspension directly affects the following FEPs: 

 Sorption [9.2.21] 
 Topography [9.2.28] 
 Terrestrialisation [9.3.1] 
 Advection [9.3.2] 
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9.3.6 Ingestion of drinking water  

Type: Class: 

Process Migration 

Alternative names: Number in 2007-12: 

Ingestion of water Not applicable 

General description: 

Ingestion of drinking water refers to the consumption of water used directly for drinking 
by humans or animals. Any radionuclides associated with water that is ingested will 
contribute to the internal radiation exposure.  

There are many different sources of water that could be ingested but it is common to 
consider total water and tap water intakes in environmental risk assessments. Tap water 
usually includes water used directly for drinking, and used in making cold and hot 
beverages. Total water may include, in addition to tap water, untreated water drunk 
directly from wells [9.2.30] or surface water bodies, the water included in food and 
bottled beverages [9.2.23], and water from inhalation [9.2.24] as well as skin absorption 
(e.g. during bathing and showering). Since the ingestion of water here refers to water 
used directly for drinking, it includes tap water and water drunk directly from wells and 
surface water bodies. Thus, ingestion of drinking water in Posiva’s performance 
assessment is broader than the commonly used concept of tap water, but not as broad as 
total water (Biosphere Assessment). 

For animals, ingestion of drinking water maintains the osmotic balance. On land most 
animals replenish their water supply by drinking and eating moist food. Some animals 
also gain water from cellular metabolism. The actual amount that is directly ingested 
varies depending on the animal group or species. Wild animals typically drink directly 
from surface water bodies, including both freshwater and marine waters, whilst farm 
animals in Finland mostly consume water extracted from local wells.  

The demand for drinking water by aquatic organisms depends on the salinity of 
surrounding water and the species physiological adaptations to the salinity. 

Uncertainties in the understanding of the FEP: 

There are no significant uncertainties related to the conceptual understanding of 
ingestion of water. There are, however, significant uncertainties in quantifying the 
ingestion rates for animals and people. These uncertainties relate to the inhomogeneous 
distribution of radionuclides in different water sources, and the amounts of 
contaminated and other waters that may be ingested. 

Couplings to other FEPs: 

Ingestion of drinking water is directly affected by the following FEPs: 

 Well [9.2.29] 
 Construction of a well [9.2.30] 
 Water source potential [9.3.8] 
 Climate evolution [10.2.1] 
 Inadvertent human intrusion [10.2.5] 
Ingestion of drinking water directly affects the following FEPs: 
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 Exposed population [9.2.34] 
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9.3.7 Flooding 

Type: Class: 

Event System evolution; Migration 

Alternative names: Number in 2007-12: 

Inundation Not applicable 

General description: 

Flooding is an event caused by the temporary rise of the water level in a river or lake or 
along a seacoast, resulting in its spilling over and out of its natural or artificial confines 
onto land that is normally dry.  

Any radionuclides associated with the flood waters will be redistributed in the surface 
environment and this may potentially increase the likelihood and amount of their 
ingestion by people in food [9.2.23] or water [9.3.6], or increase external exposure 
[9.2.26]. 

Floods are usually caused by excessive runoff [9.2.8] due to precipitation or snowmelt, 
or by coastal storm surges or other tidal phenomena. Floods are sometimes described 
according to their statistical occurrence. A fifty-year flood is a flood having a magnitude 
that is reached in a particular location on average once every fifty years (the return 
period is fifty years).  

In lakes, flooding will increase the elevation of the water level and, possibly, also the 
area of the lake depending on the local topography close to the shoreline [9.2.28]. 
Flooding occurs in rivers when flow [9.3.2] exceeds the capacity of the river channel. 

In lakes and rivers, flooding will increase the water exchange rate [9.3.4] between the 
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water body and the surrounding land areas. It is possible that during the rising phase, 
flooding could extend to areas that are normally dry and may include radionuclides (e.g. 
irrigated areas close to watercourses). During the receding phase, these radionuclides 
can be leached from land areas to water bodies mainly in surface runoff. 

Uncertainties in the understanding of the FEP: 

The basic mechanisms causing flooding are well understood, and the periodicity, 
duration and magnitude of flood events can be estimated with hydrological models if 
the floods are not exceptionally large. The greatest uncertainty is related to estimation of 
the larger events due to the highest flow rates (e.g. > 50 year floods).  

The importance of the effect of flooding on radionuclide transport can be estimated with 
combined use of the Olkiluoto hydrological model (Karvonen 2009) that predicts the 
changes in lateral water exchange rates caused by flooding, and solute transport models. 

The discharge measurements carried out in the environmental monitoring programme 
(Haapanen 2010) provide measured data for runoff rates at Olkiluoto, and data from the 
Finnish Environment Institute can be used to estimate the maximum discharge rates in 
the Eurajoki and Lapijoki rivers. 

Couplings to other FEPs: 

Flooding is directly affected by the following FEPs: 

 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Topography [9.2.28] 
 Advection [9.3.2] 
 Climate evolution [10.2.1] 
 Land uplift and depression [10.2.4] 

Flooding directly affects the following FEPs: 

 Ingestion of food [9.2.23] 
 External radiation from the ground [9.2.26] 
 Water exchange [9.3.4]  
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9.3.8 Water source potential 

Type: Class: 

Feature Migration 

Alternative names: Number in 2007-12: 

None Not applicable 
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General description: 

Water source potential is the discharge of water from natural surface water bodies, such 
as rivers, lakes and springs, that is directly available as drinking water, either by humans 
or other organisms.  

Drinking water sources, such as constructed wells that derive water from deep aquifers 
that would otherwise not be directly available for drinking, are addressed in Section 
9.2.29. 

Water source potential is influenced by the natural characteristics of the landscape, such 
as topography [9.2.28], and processes that affect the distribution of surface water 
bodies, such as groundwater discharge [9.2.7] and runoff [9.2.8]. It can also be greatly 
affected by human activities, such as agriculture and aquaculture [9.2.4] and forest and 
peatland management [9.2.5] that affect the availability and quality of water in lakes 
and rivers. The water source potential is affected by water quality because if water is too 
saline it is not suitable for drinking. 

Any radionuclides associated with water from source potential can be ingested [9.3.6]. 

Uncertainties in the understanding of the FEP: 

The amount of discharge of water, and hence the water source potential, from a water 
body is associated with significant uncertainty due to natural variation. Due to the 
abundance of freshwater at the Olkiluoto site, however, the uncertainty in the water 
source potential is not likely to affect the ingestion dose calculations. 

Couplings to other FEPs: 

Water source potential is directly affected by the following FEPs: 

 Agriculture and aquaculture [9.2.4] 
 Forest and peatland management [9.2.5] 
 Infiltration [9.2.6] 
 Groundwater discharge and recharge [9.2.7] 
 Runoff [9.2.8] 
 Drainage [9.2.9] 
 Topography [9.2.28] 
 Advection [9.3.2] 
 Climate evolution [10.2.1] 
Water source potential directly affects the following FEPs: 

 Ingestion of drinking water [9.3.6] 
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10 EXTERNAL FEATURES, EVENTS AND PROCESSES 

10.1 Description 

The previous sections of this report have described those FEPs whose origin is internal 
to the disposal system, i.e. they occur within the spent nuclear fuel, the engineered 
barriers, the geosphere or surface environment.  

There are, however, a small number of FEPs whose origin is outside of the disposal 
system, as defined, but which may have a significant influence on the evolution of all or 
part of the disposal system and, therefore, could potentially affect the internal processes 
(both evolution and migration), and thus long-term safety. These are: 

10.2.1  Climate evolution  

10.2.2  Glaciation 

10.2.3  Permafrost formation 

10.2.4  Land uplift and depression 

10.2.5  Inadvertent human intrusion 

The first four of these FEPs are inevitable: they are natural processes that have occurred 
at Olkiluoto in the past, are still occurring, and will continue to do so into the future. 
The fifth FEP is an event that may occur in the future with a probability, and at a time, 
that depends on future human behaviour and so cannot be readily quantified. 

10.2 System evolution and migration FEPs 

The external FEPs and their potential impact on the disposal system evolution and 
migration are described below. Although climate evolution is not a straightforward 
system evolution FEP, it overarches the evolution of the whole disposal system and thus 
most of the processes within it, including migration-related processes. As an example, 
the migration-related inadvertent human intrusion may be considered only during 
temperate and permafrost periods, but not when a thick ice sheet is located over the site. 

10.2.1 Climate evolution  

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Climate is generally considered to be the ‘average weather’ for a defined region over a 
long period of time, usually measured in decades or longer. The Earth’s climate system 
is complex, dynamic and strongly coupled, making predictions for medium and long-
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term future climate evolution very difficult.  

The primary driver for the Earth’s climate system is the solar radiation. The annual 
amount of incoming solar radiation at the top of the atmosphere averaged over recent 
decades for the entire planet is 342 W/m2 (Trenberth et al. 2009). This radiation is 
subject to significant temporal (annual to seasonal) and spatial (polar to equatorial) 
variations as is the amount of that radiation that is reflected by snow, vegetation, clouds 
etc. (Figure 10-1).  

Over historical time (thousands of years) and geological time (hundreds of thousands of 
years and longer), there have been very substantial changes in the amount of solar 
radiation that has been received. This has been due, in part, to variations in the solar 
output from the sun but, most importantly, due to variations in the elliptical orbit of the 
Earth around the sun (eccentricity) together with variations in the orientation of the 
Earth’s rotation axis (precession) and the degree of axial tilt (obliquity). These 
variations in the Earth’s orbit and in spin and tilt are episodic, but have different 
periodicities (Figure 10-2), meaning that the overall effect on solar radiation is 
represented by a complex pattern of superimposed and periodic long-term cycles known 
as Milankovitch cycles.  

Although the superimpositions of different orbital mechanisms are complex, 
Milankovitch cycles are, nonetheless, predictable and they have been shown to 
correspond well with archaeological and geological evidence of past glaciations. On the 
basis of Milankovitch theory, the Earth’s current climate can be described as 
‘interglacial’. 

 

 
 

Figure 10-1. Illustration of the Earth’s current annual and global mean energy 
balance. Units are W/m2. From Trenberth et al. (2009). 
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Figure 10-2. Schematic of the Earth’s orbital changes (Milankovitch cycles) that drive 
the ice age cycles. ‘T’ denotes changes in the tilt (or obliquity) of the Earth’s axis, ‘E’ 
denotes changes in the eccentricity of the orbit, and ‘P’ denotes precession, that is, 
changes in the direction of the axis tilt at a given point of the orbit. From Jansen et al. 
(2007). 

 

Milankovitch cycles can be used to predict the timing and magnitude of future changes 
in solar radiation, and the onset of glaciations. The calculation is inexact, however, 
because of strong internal mechanisms and feedbacks within the Earth’s climatic system 
that can affect average global temperatures and so force climate change (e.g. natural 
CO2 cycles, ocean currents, atmosphere-biosphere interactions etc.).  

Climate models can be used to couple Milankovitch theory with internal climate forcing 
mechanisms and to simulate the past climate and to predict future climate states over the 
next thousands and tens of thousands of years. Best modelling estimates suggest that the 
next glacial episode is not expected to begin within the next 50,000 a assuming a natural 
atmospheric CO2 regime (Berger & Loutre 2002). 

Anthropogenic (man-made) emissions of substances such as CO2, methane and sulphate 
aerosols further complicate predictions of future climate because they drive global 
climate change. The impact of anthropogenic global warming on natural climate cycles 
is very difficult to quantify and is the subject of intense international research. It is 
generally understood that the main impacts of global warming will be that the climate in 
the next centuries will be warmer and wetter than at present, and that the onset of the 
next future glacial event will be delayed by anything up to a further 50,000 to 150,000 
years, depending on the assumptions that are made for future atmospheric CO2 
concentrations (BIOCLIM 2001; Jansen et al. 2007). 

Specific models have been developed to define credible future climate states for 
Olkiluoto on a regional scale to evaluate the possibility of extreme climatic conditions 
occurring (Pimenoff et al. 2011). This work concluded that the present interglacial will 
last for at least up to 50,000 years, but that there is the potential for glacial period 
(permafrost and ice sheet) to occur on a time-scale of 100,000 years due to 
Milankovitch cycle solar minima in the Northern Hemisphere at 50,000–60,000 and 
90,000–100,000 years in the future.  

The climate at Olkiluoto over the next 100,000 years is likely, therefore, to be 
characterised by the following features: an interglacial climate, a periglacial climate, a 
climate with an ice-sheet margin near Olkiluoto, a glacial climate with an ice sheet 
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covering Olkiluoto, and a climate with Olkiluoto being depressed below sea level after 
glaciation due to isostatic depression (Pimenoff et al. 2011).  

The consequences of future climate evolution on repository evolution are mostly related 
to the development of permafrost [10.2.3], which is anticipated to extend down to a 
maximum of around 200–300 m and, therefore, may significantly affect groundwater 
flow in the geosphere [8.3.5] and cause freezing and mechanical disruption to the 
backfill [6.2.8] and seals [7.2.3] in the upper parts of the disposal facility. The 
development of an ice sheet may additionally cause an increase in the stress field in the 
geosphere with the potential to cause reactivation and displacement on existing fractures 
[8.2.3], although the development of new fractures is thought to be unlikely. 

Future climate evolution will also have a substantial impact on all aspects of the surface 
environment and on human behaviour. This is, however, of less importance for safety 
than the impacts to the subsurface repository components because the surface 
environment is not considered to be a barrier. Furthermore, the regulator has specified 
that, when undertaking safety cases for regulatory submission, it is acceptable to assume 
that both the climate and human habits remain unchanged during the time window when 
the regulatory dose constraints apply (Guide YVL D.5, Draft 4). 

Uncertainties in the understanding of the FEP: 

The conceptual understanding of natural climate change mechanisms is broadly well 
established. The orbital variations are very well quantified and, consequently, the 
Milankovitch cycles are well known. There are, however, significant uncertainties in 
understanding all of the natural couplings and feedback mechanisms that occur within 
the Earth’s internal climate system and, hence, in predicting the climate response to 
external changes in the solar radiation. The uncertainties are further compounded when 
it comes to predicting the extent and impact of anthropogenic global warming on the 
natural climate cycles.  

Despite the extensive international climate research effort, it remains impossible to 
predict future climate development exactly. Nonetheless, there is some confidence that 
the current interglacial period will extend at least for the next 30,000 to 50,000 years, 
albeit with a warmer and wetter climate. Beyond around 50,000 years it is uncertain 
when the next glaciation will begin at Olkiluoto, although it is reasonable and prudent to 
assume that periglacial and glacial conditions will occur within a 100,000 year time 
period.  

Couplings to other FEPs: 

Climate evolution is directly affected by the following FEPs: 

 All aspects of demographics [9.2.33] and human behaviour that relate to CO2 and 
other greenhouse gas and aerosol emissions 

Climate evolution directly affects the following FEPs: 

 All FEPs in the surface environment (Chapter 9) 
 Glaciation [10.2.2] 
 Permafrost formation [10.2.3] 
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10.2.2 Glaciation 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Ice-sheet formation; glacial period Not applicable 

General description: 

It is certain that the climate at Olkiluoto will evolve over time, in response to both 
anthropogenic and natural forcing mechanisms. In particular, long-term, cyclical 
variations in the Earth’s orbit (Milankovitch cycles) will affect the amount and 
distribution of solar radiation that is received and cause the periodic onset of future 
glacial conditions or ‘ice ages’ [10.2.1].  

Climate models based on Milankovitch theory and a natural atmospheric CO2 regime 
suggest that the next cold episode giving place to permafrost would occur in around 
50,000 years time (Berger & Loutre 2002). The impact of anthropogenic ‘global 
warming’ may, however, delay the next glaciation by anything up to a further 50,000 to 
150,000 years (Loutre & Berger 2000, Archer & Ganopolski 2005). Specific models for 
Olkiluoto indicate that current interglacial conditions will persist for at least the next 
50,000 years, but that there is the potential for permafrost and ice sheet periods to occur 
at 50,000–60,000 and 90,000–100,000 years in the future (Pimenoff et al. 2011). 

The onset of the next glacial period will begin with a gradual cooling and drying of the 
climate in the northern hemisphere. This will affect the surface environment at 
Olkiluoto, which will progressively change to periglacial conditions accompanied by 
the development of permafrost [10.2.3] and then full glacial conditions will develop and 
an ice sheet will form. 

Although it is not possible to predict with certainty the timing and extent of the next ice 
sheet that will develop, it is reasonably conservative to assume that it will be broadly 
similar to those that formed during previous Quaternary glacial events. Climate 
modelling and geomorphological evidence indicate that the ice sheet which formed 
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during the last glacial maximum (around 20,000 years BP) covered most of 
Fennoscandia, and developed to a maximum thickness of more than 3 km at its central 
point, and around 2.5 km in the Olkiluoto area (Figure 10-3). 

The formation of any future ice sheet will have a number of potentially significant 
physical, hydrogeological and chemical consequences for the repository.  

The weight of the ice sheet will increase the loading on the geosphere, causing the entire 
land area to be depressed. During the last glacial maximum, the Olkiluoto area is 
estimated to have been depressed by about 600 m due to glacial loading (Eronen et al. 
1995) based on geomorphological observations in the region. A similar ice loading will 
cause physical degradation of the plugs and seals in the upper part of the repository 
system [7.2.2], and stress redistribution throughout the geosphere [8.2.2] and, 
potentially, cause reactivation-displacements along existing fractures [8.2.3]. This is 
most likely to occur during the periods of ice-sheet formation and deglaciation, when 
differential vertical and horizontal stress conditions will occur. 

The advance and retreat of an ice sheet will also cause physical erosion of the exposed 
land surface [9.2.1]. Studies of the extent of glacial erosion during previous glacial 
periods in Scandinavia have shown that around 1 to 4 m depth of bedrock were removed 
in each glacial event (Påsse 2004). Similar studies in the Canadian Shield estimated the 
depth of glacial erosion to be about 20 to 35 m per 100,000 years (McMurray et al. 
2003). Due to these relatively shallow erosion depths, it has therefore been concluded 
that glacial erosion does not pose a significant threat to the integrity of the repository 
(Pastina & Hellä 2006, p 107) for many tens to hundreds of millions of years. 

Hydrostatic pressures in the geosphere will be increased by the thickness of the ice 
sheet, and this pressure increase will be transmitted to the bentonite buffer (and tunnel 
backfill) and may subsequently cause deformation of the canister [4.2.3]. In addition to 
the increased continuous hydrostatic pressure, the canister may be subjected to 
instantaneous shear loads due to rock movements. The deposition holes will, however, 
be located away from existing major fractures and, therefore, it is considered very 
unlikely that a canister could fail due to the loading and stresses caused by glaciation. 

 

 

Figure 10-3. Estimates of the extent of the ice sheet at the last glacial maximum (LGM), 
which occurred c. 20,000 years before present (BP). Left: model estimates of the ice 
thickness. Right: spatial extent of the ice sheet. From Pimenoff et al. (2011). 
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The groundwater flow pattern in the geosphere will also be affected by ice-sheet 
development because the ice will contribute to the head (hydrostatic) pressure, and 
affect the location of recharge and discharge zones. In addition, ice loading will tend to 
close horizontal fractures and may impact on the apertures of vertical fractures, 
depending on the stress field, which may alter the hydraulic characteristics of the 
fracture network available for groundwater flow through the rock [8.3.5]. 

An ice sheet may be ‘warm-based’ or ‘cold-based’ depending on whether or not the 
water at the base of the ice sheet and in the upper rock is frozen. The melting 
temperature of ice decreases as the pressure increases. Consequently, the thickest parts 
of an ice sheet are likely to be warm-based, although this also depends on the ambient 
temperature and geothermal gradient. Cold-based ice will affect groundwater flow in the 
same manner as permafrost [10.2.3], and will effectively reduce the groundwater flow 
rates by shutting off existing recharge and discharge zones.  

In contrast, a warm-based ice sheet will be hydraulically connected to the groundwater 
in the rock below, and this may generate very high and differential groundwater heads, 
particularly around the fringes of a warm-based, retreating ice sheet. As a consequence, 
dilute, oxidising, glacial meltwaters may penetrate down through the geosphere driven 
by the high hydrostatic pressures. It is theoretically possible that such glacial waters 
may reach repository depths and, if they did, they could cause the bentonite buffer to 
lose its swelling pressure [5.2.2] due to chemical erosion [5.2.4]. If the oxidising waters 
came into contact with the canister, they could also accelerate corrosion of the copper 
overpack [4.2.5] and, potentially, enhance degradation of the spent nuclear fuel if the 
canister had failed [3.2.8]. 

Nonetheless, it is considered very unlikely that dilute, oxidising meltwater could reach 
the repository engineered barriers because the infiltrating water would become reducing 
and increasingly saline due to progressive rock-water interactions [8.2.7]. This 
conclusion is supported by the palaeohydrogeological evidence of previous glaciations 
in the Olkiluoto area that indicate that no dilute, glacial meltwaters have ever reached 
repository depths (Site Description). 

In addition to the impacts on the engineered barriers and geosphere, it is evident that the 
surface environment and, thus, human behaviours (Chapter 9) will also be radically 
altered by glaciation. The Finnish regulations, however, specify that the climate type as 
well as the human habits can be assumed to remain unchanged during the time window 
where the dose constraints apply. Furthermore, the projected timing of future glaciations 
is beyond the time period that the Finnish regulations require quantitative assessments 
of dose to be calculated (Guide YVL D.5, Draft 4). 

Overall, glaciation is influenced by the following features of the repository system. 

 Temperature: the solar radiation flux, ambient air temperature and geothermal heat 
flux are the dominant controls on the formation of ice sheets. 

 Geometry: surface topography will have some influence on the extent and thickness 
of the ice sheet. 

 Groundwater composition: particularly salinity controls the temperature at which the 
water begins to freeze. 

Uncertainties in the understanding of the FEP: 

There is a very good conceptual understanding of the drivers and mechanisms that lead 
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to glaciation and the development of ice sheets. There is also a good understanding of 
the nature of past ice sheets in Fennoscandia, from modelling studies and from 
geomorphological and palaeohydrogeological evidence. 

There are, however, significant uncertainties related to estimates of the timing and 
duration of the cold periods in which future ice sheets can develop. These uncertainties 
stem, mostly, from estimates of the impact of anthropogenic drivers on climate in the 
short to medium term. 

It is certain, however, that future glacial conditions will occur at some point during the 
long-term evolution of the repository, and that the development of ice sheets will have 
significant impacts on both the geosphere and the surface environment. Although some 
physical (hydrostatic stress and fracture reactivation) impacts will extend down to 
repository depths, it is unlikely that these will cause any significant mechanical 
consequences because the deposition holes will be located away from existing fractures. 
Similarly, it is unlikely that there will be any significant hydrogeological or 
hydrochemical impacts on the engineered barriers because glacial meltwaters will 
undergo rock-water interactions as they penetrate the geosphere and become 
progressively more reducing and saline with depth. 

Couplings to other FEPs: 

Glaciation is directly affected by the following FEPs: 

 Climate evolution [10.2.1] 

Glaciation directly affects the following FEPs: 

 Deformation (of the canister) [4.2.3] 
 Physical degradation (of the auxiliary components) [7.2.2] 
 Stress redistribution [8.2.2] 
 Reactivation-displacements along existing fractures (in the geosphere) [8.2.3] 
 Creep (in the geosphere) [8.2.5] 
 Rock-water interaction [8.2.7] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
 Erosion (in the surface environment) [9.2.1] 
 Infiltration (in the surface environment) [9.2.6] 
 Groundwater discharge and recharge (in the surface environment) [9.2.7] 
 Runoff (in the surface environment) [9.2.8] 
 Drainage (in the surface environment) [9.2.9] 
 Migration of fauna (in the surface environment) [9.2.16] 
 External radiation from the ground (in the surface environment) [9.2.26] 
 Topography (in the surface environment) [9.2.28] 
 Demographics (in the surface environment) [9.2.33] 
 Land uplift and depression [10.2.4] 
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10.2.3 Permafrost formation 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Freezing and thawing; Permafrost 8.2.2 

General description: 

Permafrost is defined as ground having a temperature continuously below the 0 °C 
isotherm for more than two consecutive years (French 2007). This definition is solely 
based on temperature but, in reality, the ground may not freeze until temperatures fall 
somewhat below 0 °C due to the effects of pressure, the composition of groundwater 
(especially salinity) and on the adsorptive and capillary properties of ground matter. 
Ground that remains frozen for at least two consecutive years is called perennially 
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frozen ground (Williams & Smith 1989), which can contain pockets of unfrozen water 
due to the gradual advance of the freezing or thawing front. Permafrost hence consists 
of perennially frozen ground, which can contain some liquid water, surrounded by an 
unfrozen ground layer, known as cryopeg. 

The development of permafrost and frozen ground depends on a complex heat-exchange 
process across the atmosphere-ground or atmosphere-snow/ice-ground boundary layers 
and on the almost time-independent geothermal heat flow from the Earth’s interior. The 
depth of permafrost is controlled by the natural geothermal gradient (warming), the 
average surface temperature and the duration of various periods of climatic conditions 
(either cooling or warming). The heat-exchange process depends on climate conditions 
as well as on local surface conditions such as vegetation and snow cover, topography, 
soil characteristics and the presence of water bodies. Permafrost development requires 
that a cold and dry climate prevails over a long period of time, but permafrost can also 
occur under ice sheets (subglacial permafrost) during climate evolution [10.2.1]. 

The duration of the cold climate also directly affects the depth of the permafrost. 
Permafrost can develop if the annual mean air temperature falls below a value in the 
range of –9 to –1 °C depending on the surface conditions (French 2007). Vegetation and 
snow cover protect the ground from heat loss during winter, whereas peat layers may 
limit warming of the ground in summer and permafrost, if already developed, can 
remain even if the mean annual air temperature is above 0 °C (Williams & Smith 1989). 
Seas, lakes and water courses have high specific heat content and can protect the ground 
below the water bodies from freezing. Such unfrozen layers under water bodies are 
called taliks and they can develop even under shallow lakes with a depth of only a few 
metres (Yershov 1998, Ruskeeniemi et al. 2004) depending on the surface extent of the 
lake. On the other hand, submerged permafrost and perennially frozen deposits can 
survive under a cold seabed if the shoreline of a highly saline sea is rising (Yershov 
1998). 

In the repository geosphere, the natural geothermal gradient is perturbed by heat output 
from the spent nuclear fuel [3.2.2] but, as no permafrost is expected for at least 50,000 
years (Pimenoff et al. 2011), the heat output from the spent nuclear fuel has a limited 
effect on the onset and development of permafrost in the geosphere in the long term. For 
permafrost development, conduction is the most significant heat transfer mechanism in 
the geosphere [8.2.1]. The main properties of the soil and host rock affecting the heat 
conduction, heat capacity and freezing point are porosity, water content, mineral 
composition (especially the presence of quartz), groundwater composition (salinity), 
ambient temperature conditions, temperature gradients and groundwater pressure. 

By the time the first permafrost period is expected, the main factors affecting the 
thermal evolution of the geosphere will be the natural geothermal gradient and climate 
effects on air surface temperatures. The onset of cold conditions will be accompanied by 
permafrost formation. Permafrost is not expected to penetrate down to repository depth 
under any likely conditions, and the maximum depth at Olkiluoto is estimated to be 
between 200–300 m (Hartikainen 2012). It is possible that taliks may form in the 
Olkiluoto area because lakes will have been formed due to land uplift and the region 
may also be located rather close to the ice margin during the glaciations, either at the 
time of advancing or retreating ice sheet. Potentially, taliks could act as discharge points 
for contaminated groundwater, if the taliks are connected to hydraulically active 
fractures at depth that remain unfrozen. 
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The development of permafrost and ice will have a number of impacts on the evolution 
of the geosphere. Expanding groundwater in pores and fractures due to freezing will 
exert mechanical stress on the rock, and may open near-surface fractures, whereas 
loading by an ice sheet may close horizontal fractures in the fracture network. Changes 
in fracture characteristics may be exacerbated by any differential loading by the 
overlying ice sheet.  

More significantly, permafrost with extensive lateral development will fundamentally 
change the regional and local groundwater flow paths, by potentially shutting off 
existing recharge and discharge zones and modifying head gradients. If groundwater 
recharge is restricted, then the flux of water through the repository may be reduced 
while permafrost (and/or an ice sheet) is present, and groundwater may ‘stagnate’ in the 
long term. As permafrost develops and subsequently melts, a dynamic groundwater 
flow system will evolve until a new recharge-discharge equilibrium is established. 
Melting the ice at the rock-ice sheet boundary requires energy which the geothermal 
heat flux can provide. A typical heat flux of 50 mW/m2 can melt annually only a few 
mm of ice thus limiting the available infiltration. 

Freezing may also have consequences for rock-water interactions [8.2.7] and more 
saline groundwaters may result from longer reaction times and salt exclusion [8.2.9], 
although the significance of this is thought to be limited (Smellie & Frape 1997). In 
addition, the formation and melting of methane hydrates in response to permafrost 
conditions has been given consideration [8.2.8]. 

Overall, permafrost development in the geosphere is influenced by the following 
features of the repository system. 

 Temperature: the ground surface temperature and geothermal heat flux are the 
dominant controls on the process. 

 Geometry: particularly the geometry of the fracture system and location of discharge 
zones which can control the location and development of taliks. 

 Rock matrix properties: particularly the content of naturally-occurring radioactive 
minerals that are a control on the geothermal heat production and geothermal heat 
flux. 

 Groundwater composition: particularly salinity controls the temperature at which the 
water begins to freeze. 

Uncertainties in the understanding of the FEP: 

Freezing and development of permafrost as well as the factors affecting them are well 
understood. 

There are, however, considerable uncertainties related to future climate and the timing 
and duration of the cold periods under which permafrost can develop as well as the 
temperatures during these periods. These uncertainties directly affect the estimates of 
the extent of the permafrost and its depth. There is, however, confidence that permafrost 
will not extend down to repository depth. There is also uncertainty associated with the 
location and distribution of any localised groundwater discharge and recharge points in 
a permafrost area, and the potential for taliks acting as points for radionuclide releases 
to the surface. 

Radiogenic heat from the repository is not expected to have any significant effect on the 
development of permafrost because no permafrost is anticipated to occur in any of the 
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climatic scenarios before this heat has dissipated. 

Couplings to other FEPs: 

Permafrost formation in the geosphere is directly affected by the following FEPs: 

 Heat transfer (in the geosphere) [8.2.1] 
 Climate evolution [10.2.1] 
Permafrost formation in the geosphere directly affects the following FEPs: 

 Freezing and thawing (in the buffer) [5.2.9] 
 Freezing and thawing (in the tunnel backfill) [6.2.8] 
 Freezing and thawing (in the auxiliary components) [7.2.3] 
 Reactivation-displacements along existing fractures (in the geosphere) [8.2.3] 
 Rock-water interaction (in the geosphere) [8.2.7] 
 Methane hydrate formation (in the geosphere) [8.2.8] 
 Salt exclusion (in the geosphere) [8.2.9] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
 Infiltration (in the surface environment) [9.2.6] 
 Groundwater discharge and recharge (in the surface environment) [9.2.7] 
 Runoff (in the surface environment) [9.2.8] 
 Drainage (in the surface environment) [9.2.9] 
 Capillary rise (in the surface environment) [9.2.10] 
 Bioturbation (in the surface environment) [9.2.15] 
 Migration of fauna (in the surface environment) [9.2.16] 
 Diffusion (in the surface environment) [9.2.20] 
 Gas origin and implications (in the surface environment) [9.2.22] 
 External radiation from the ground (in the surface environment) [9.2.26] 
 Demographics (in the surface environment) [9.2.33] 
 Water exchange (in the surface environment) [9.3.4] 
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10.2.4 Land uplift and depression 

Type: Class: 

Process System evolution 

Alternative names: Number in 2007-12: 

Isostatic adjustment; Post-glacial rebound; crustal 
uplift 

Not applicable 

General description: 

In this context, land uplift and depression refers to the vertical changes in the level of 
the Earth’s crust due to the loading and unloading of ice sheets through a process known 
as isostasy.  

The development of thick ice sheets will cause the surface of the Earth’s crust to deform 
and warp downward, forcing the mantle to deform plastically and flow away from the 
loaded region. When the ice retreats, the removal of the weight of ice leads to a slow 
uplift or rebound of the land, and the return flow of mantle back under the deglaciated 
area.  

Due to the high viscosity of the mantle, it can take many thousands of years for the land 
to recover to its original equilibrium level. Finland and the wider Scandinavian area is 
still rebounding following the last deglaciation and this is causing the land to rise. 

Studies have shown that the uplift of Scandinavia has taken place in two distinct stages. 
The initial uplift immediately during and following deglaciation was rapid (called 
‘elastic’) and took place as the ice was being unloaded. After this initial ‘elastic’ phase, 
uplift continued by much slower viscous flow with the rate of uplift decreasing 
exponentially (Påsse 1997). The current average rate of land uplift at Olkiluoto is 
estimated to be 6–7 mm/a (Eronen et al. 1995), although there is some spatial and 
temporal variation around this average. 

Glacial isostatic adjustment produces measurable effects on vertical crustal motion, 
global sea levels, horizontal crustal motion, gravity field, the Earth’s rotational motion 
and state of stress and earthquakes. In addition, post-glacial rebound has caused 
numerous significant changes to coastlines and landscapes over the last several 
thousand years, and the effects continue to be significant.  

Due to continued land uplift in the vicinity of Olkiluoto, sea-bottom sediments are 
continuously emerging from the sea, causing a rapid succession along the shores and 
evolution of the local surface environment. The development of the shoreline will 
induce changes in the groundwater flow patterns [8.3.5], and the positions of recharge 
and discharge areas that may affect discharge to the surface [9.2.7] (Biosphere 
Description).  

Isostatic changes in sea level are coupled with eustatic changes caused by the melting 
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and growth of the ice caps, and thermal expansion/contraction of seawater, and, 
therefore, changes in the volume of water in the oceans. Understanding of the evolution 
of future coastlines and their effect on deep groundwater flow systems needs to account 
for both isostatic and eustatic changes in sea level. The possible changes to the Earth’s 
geoid shape need also to be taken into account (Ikonen & Lipping 2011, p. 25-35). 

Future glaciations will be accompanied by further cycles of land depression and uplift 
and, consequently, the groundwater flow patterns will continue to evolve.  

Uncertainties in the understanding of the FEP: 

The mechanistic understanding of land uplift and depression is well developed. There 
are, however, considerable uncertainties associated with predicting future rates of uplift 
and coastline development and the consequences for groundwater flow. 

The present stress field in the bedrock has been studied and correlated with tracking 
movements using the GPS network and precise levelling. The measured data on vertical 
movements are, however, more uncertain than horizontal ones.  

Couplings to other FEPs: 

Land uplift and depression is directly affected by the following FEPs: 

 Glaciation [10.2.2] 
Land uplift and depression directly affects the following FEPs: 

 Stress redistribution (in the geosphere) [8.2.2] 
 Reactivation-displacements along existing fractures (in the geosphere) [8.2.3] 
 Creep (in the geosphere) [8.2.5] 
 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
 Erosion (in the surface environment) [9.2.1] 
 Degradation (in the surface environment) [9.2.2] 
 Agriculture and aquaculture (in the surface environment) [9.2.4] 
 Forest and peatland management (in the surface environment) [9.2.5] 
 Infiltration (in the surface environment) [9.2.6] 
 Groundwater discharge and recharge (in the surface environment) [9.2.7] 
 Runoff (in the surface environment) [9.2.8] 
 Drainage (in the surface environment) [9.2.9] 
 Migration of fauna (in the surface environment) [9.2.16] 
 Topography (in the surface environment) [9.2.28] 
 Demographics (in the surface environment) [9.2.33] 
 Terrestrialisation (in the surface environment) [9.3.1] 
 Flooding (in the surface environment) [9.3.7] 
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10.2.5 Inadvertent human intrusion  

Type: Class: 

Event System evolution; Migration 

Alternative names: Number in 2007-12: 

None Not applicable 

General description: 

Once the repository is closed, it is probable that management arrangements will be put 
into place to restrict activities such as drilling and quarrying at the surface directly 
above the disposal facility. It is possible, however, that sometime in the future all 
knowledge and records of the repository’s existence may be lost, and there will be no 
management control over the land.  

In this situation, it is conceivable that humans could inadvertently intrude directly into 
the repository by drilling or tunnelling. Deliberate human intrusion is not considered as 
a relevant event because it is assumed that, if an intrusion was done deliberately, 
appropriate measures would be taken to protect people and the environment. 

There are several reasons why inadvertent human intrusion may be imagined, including 
for example: 

 drilling for water supply [9.2.30], for example if surface water bodies are very 
polluted;  

 during exploration for, and exploitation of, mineral resources; 

 during exploration for, and exploitation of, geothermal energy; or 

 undertaking scientific investigations of some type.  

The probability of inadvertent human intrusion occurring is impossible to define. The 
number (and spatial variation) of deep boreholes in Finland and across the world can be 
quantified, and this might be used to determine a probability, but future rates of deep 
drilling are unlikely to be remain the same as today. Although the Olkiluoto site is not 
characterised by any features, mineral deposits or aquifers that are recognised as 
resources in the current economic and demographic environment, it cannot be ruled out 
that future civilisations might undertake some drilling or tunnelling for their own 
purposes which we cannot anticipate. 

If inadvertent human intrusion were to occur, a number of consequences could 
potentially result. Firstly, any fuel, contaminated barrier materials or contaminated rock 
in the detritus rising to the surface, e.g. in a core sample, or in the drilling fluid might 
cause exposure to the drillers or geologists at the site [9.2.27, 9.2.30]. Second, the 
borehole or excavation may disrupt the barriers and alter the groundwater flow pattern 
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in the geosphere, creating a fast pathway for radionuclides to migrate from depth to the 
surface environment in groundwater [8.3.5] or as a gas [8.3.7]. 

In all cases, the consequence of inadvertent human intrusion would be increased 
exposure to people unless the hazard was immediately recognised and appropriate 
measures were taken to mitigate the hazard.  

Posiva has participated in a BIOPROTA project on developing a reference approach for 
human intruder dose assessment for deep geological disposal (Smith et al. 2012). The 
objectives of the project were to examine the technical aspects of why and how human 
intrusion into deep geological repositories might occur; consider how and to what 
degree exposure would arise to the people involved in such intrusion; identify the 
processes which constrain the uncertainties; and develop and document a reference 
approach for evaluation of the human intruder doses. 

Uncertainties in the understanding of the FEP: 

The concept of inadvertent human intrusion is easily defined and many causes and 
scenarios for its occurrence can be imagined. There are, however, significant 
uncertainties in assessing both the probability and consequences of inadvertent human 
intrusion. Scenarios may be developed based on stylised assumptions that could be used 
to bound the uncertainties. 

Couplings to other FEPs: 

Inadvertent human intrusion is directly affected by the following FEPs: 

 Construction of a well [9.2.30] 
 Demographics [9.2.33] 

Inadvertent human intrusion directly affects the following FEPs: 

 Groundwater flow and advective transport (in the geosphere) [8.3.5] 
 Groundwater discharge and recharge [9.2.7] 
 External radiation from ground [9.2.26] 
 Exposure from radiation sources [9.2.27] 
 Ingestion of drinking water [9.3.6] 
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