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Abstract 
This report provides a description of the main changes that would likely take place over a long period of 
time in a deep geologic repository for used nuclear fuel in the Canadian Shield.  It is based on our 
knowledge of the physical processes that are expected to occur, and it is based on observations of 
analogous long-lived natural and engineered systems.  The report deals with one specific case, here 
called the “Defective Container Scenario”, which considers what changes would occur if a few of the 
containers holding the used fuel were emplaced with a small, undetected defect, such that water was 
able to enter the container and react with its contents.  The description focuses mainly on processes that 
would occur in and around a defective container over a million-year timeframe; it does not provide a 
detailed analysis of radionuclide transport through the repository system. 
 
In the Defective Container Scenario, used-fuel containers with a corrosion-resistant outer copper shell 
and a load-bearing steel inner vessel would be surrounded by bentonite-based sealing materials in a 
repository at a depth of between 500 to 1000 m in crystalline rock of the Canadian Shield.  After 
groundwater saturated the sealing materials, water would begin to enter the small defect in the wall of 
the copper outer vessel and would begin to react with the surface of the steel inner vessel.  The 
corrosion rate, and ultimately the structural lifetime of the steel vessel, would be determined in large part 
by the rate at which water is supplied through the defect.  Anaerobic corrosion of the steel would produce 
iron corrosion products and hydrogen gas.  Over time the corrosion products, occupying a larger volume 
than the metal from which they were derived, would cause the copper shell to bulge outwards around the 
defect site, enlarging the defect aperture.  Continued corrosion of the steel would also eventually weaken 
the walls of the load-bearing inner vessel.  Iron corrosion products in the vessel interior would expand 
against the used-fuel bundles, leading to deformation and rupture of the cladding in some of the bundles.  
 
Although the timing of events depends on many interrelated factors, it is estimated that within 10,000 to 
100,000 years after emplacement, the steel vessel would lose its structural integrity.  It would buckle 
inwards, deforming and rupturing the cladding of the fuel bundles.  Water penetrating the cladding of 
damaged fuel bundles would react with the used fuel, initiating dissolution of the UO2 fuel matrix.  The 
release of radionuclides from the fuel bundles would be mitigated, however, by a strongly reducing 
geochemical environment in the repository as a whole and locally by reactions with the corroding steel 
vessel.  The reducing conditions would slow the dissolution rate of the wasteform and would continue to 
maintain the container’s copper shell.  Over a million-year timeframe, the slow dissolution of the used 
fuel would be accompanied by the migration of radionuclides in a tortuous path through an iron-rich 
intergrowth of corrosion products and through sparse openings in the partially corroded copper shell.  
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1. INTRODUCTION 
 
1.1 BACKGROUND 

A deep geologic repository is one of the approaches being considered for long-term 
management of nuclear fuel waste in Canada.  In this approach, used nuclear fuel would be 
sealed in durable metal containers and placed in an engineered repository constructed deep in 
the stable plutonic rock of the Canadian Shield (Figure 1).  The layout of the repository would 
be a network of horizontal tunnels and emplacement rooms designed to accommodate the rock 
structure and stresses, the groundwater flow system, and other subsurface conditions at the 
site.  A clay buffer material would surround each container, and backfill material and other seals 
would close off the rooms.  The rock and groundwater (the geosphere) that surround a 
repository would provide stable mechanical and chemical conditions that would also promote 
containment of the wastes for long times.  Overall, the use of multiple engineered and natural 
barriers would maintain the long-term safety of the repository for humans and the environment 
far into the future, without the need for institutional control. 

The purpose of this report is to provide a description of the various processes that would be 
likely to occur over time in a deep geologic repository, based on a scenario in which a few of 
the containers have small initial defects.  A similar study (McMurry et al. 2003) described the 
changes over time for a Base Scenario, defined as a case in which all of the various  
 
 

 
 Figure 1:  Deep geologic repository (DGR) concept for used nuclear fuel. 
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components of a repository would perform according to the specifications for which they were 
designed.  In particular, in the Base Scenario all of the containers holding the used fuel 
remained intact throughout the timeframe of the study.  In the present report, we alter that 
description by adding the assumption that a few of the containers are emplaced with a small, 
undetected defect such that water has access to the container interior.  This initiates a series of 
changes that result in a loss of containment for radionuclides in the defective container.   

In contrast to a formal safety assessment, this report does not provide an analysis of 
radionuclide transport through the repository system.  Instead, the report emphasizes a 
description of the processes that are considered likely to affect the defective container and the 
wasteform itself.  The report is intended for a reader who has a technical background and who 
has a general knowledge of radioactive waste management concepts and issues but who is not 
necessarily an expert in this field.  The information presented is generalized to increase its 
applicability to a range of possible repository designs and conditions, but it is based on specific 
documented examples and analyses, in Canada and internationally, where appropriate.    

Our expectations of how a deep geologic repository will evolve over long periods of time are 
derived from a set of many features, events, and processes, some of which are variable, some 
of which are influenced by other choices or processes, and some of which can be estimated or 
predicted with greater confidence than others.  Many of the processes involved can be 
modelled for simple systems, but the effects of interactions between processes and the timing 
of events in a repository environment are more challenging to predict.  Low-temperature 
corrosion and deformation processes are slow-acting and are not amenable to laboratory study 
on a practical scale, such that questions remain in terms of extrapolating their effects over very 
long timeframes (e.g, Sagüés 1999, Smialowska 2001).  

Throughout this report, we have attempted to capture the degree of confidence or uncertainty 
that underlies any particular statement by consistently associating the use of particular words or 
phrases with qualified estimates of the likelihood that the described process or event will occur, 
as indicated by the scale in Figure 2.  This terminology is adapted from recommendations by 
Moss and Schneider (2000) to the Intergovernmental Panel on Climate Change for use by 
authors to improve the consistency of reporting key uncertainties in international studies of 
global climate change, another subject that requires describing the long-term behaviour of 
systems.   

 

 

 Figure 2:  Terminology associated with confidence that a specified event or process 
will occur.  (adapted from Moss and Schneider 2000). 
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1.2 DEFECTIVE CONTAINER SCENARIOS IN SAFETY ASSESSMENTS 
 
Defective container scenarios have been considered previously by safety assessments in 
several repository research programs, including those of Canada, Sweden, Finland, and the 
U.S., all of which have repository concepts based on long-lived containers.  Other research 
programs have concepts based on shorter-lived containers, on the order of 1000 years (e.g., 
Switzerland, see Johnson and King 2003), in which a defective container scenario is less 
relevant.   

The Canadian Environmental Impact Statement (EIS) reference case study (AECL 1994) was 
based on a short-lived container concept.  The subsequent Second Case Study (Wikjord et al. 
1996) was based on a long-lived copper-shell container in which the container was a major 
barrier, and the study considered the potential effects of a container emplaced with a pinhole 
manufacturing defect.  The vault (repository) model that was developed for the Second Case 
Study had a number of simplifying assumptions, notably the assumption that the size of the 
pinhole defect did not change significantly over the timescale of concern to the assessment.  It 
was also conservatively assumed that the repository saturated rapidly with groundwater and 
that the used-fuel elements were immediately exposed to groundwater.  Corrosion of steel was 
not considered in the scenario (Johnson et al. 1996).   

Repository concepts in Sweden and Finland are similar to the current reference concept in 
Canada in that they involve deep emplacement of large copper containers in saturated 
crystalline rock (Figure 3).  In Sweden, a recent detailed safety assessment of the KBS-3 
disposal concept for used fuel (SKB 1999) is based in part on an analysis of the 
hydromechanical evolution of a defective container with a copper shell and cast iron insert 
(Bond et al. 1997, Takase et al. 1999).  Although the analysis used relatively simplistic chemical 
constraints, its results suggested that under some conditions, the corrosion-related generation 
of hydrogen gas (from the iron) inside the container could cause even a defective container to 
remain dry for a very long time (e.g., hundreds of thousands of years).  This would be an 
important safety factor because few radionuclides are gaseous below 100oC, and so most 
require a continuous water pathway in order to be dissolved and transported out of the 
container.   

Safety assessments in Finland (Vieno and Nordman 1999, TVO 1992) also have considered 
scenarios in which there is an initial small defect in the copper shell of a container.  Although it 
was assumed that the size of the opening might become enlarged over time by localized 
corrosion, the main emphasis in these scenarios was not to model the factors that would cause 
a container to leak but rather to assess how the loss of containment would affect various other 
assumptions in the safety analysis regarding the used fuel, the repository design, and the 
geosphere.   

In the United States, the deep geologic repository concept for the Yucca Mountain location 
differs in that it involves emplacing long-lasting containers in unsaturated volcanic tuff.  The 
current reference system of engineered barriers for a potential repository includes a dual-metal 
container design in which the inner cylinder is stainless steel and the outer cylinder is a 
corrosion-resistant nickel-based steel alloy (DOE 2002).  Although analyses indicate that small, 
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weld-related defects potentially would develop in a few (approximately zero to three) of the 
containers over the time of interest (10,000 years), their impact on overall repository 
performance was considered insignificant.  Expansion and deformation due to the development 
of corrosion products on the steel was judged not to be a factor that would affect container 
performance (Whipple et al. 1999).  

The Defective Container Scenario in this report differs from the above analyses in that it is a 
narrative approach focused on a generalized description.  In particular, it is an attempt to 
highlight the processes in a repository that would cause the most significant changes to a 
defective container and its contents over time.  Except where noted, we have assumed that all 
of the other containers in the repository would behave as described in the Base Scenario 
(McMurry et al. 2003).   

 
 

            (photo © SKB) 
 

 Figure 3:  Prototype of a large copper container for used nuclear fuel.  
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1.3 TIMESCALES OF INTEREST 
 
Although this report describes, in general terms, the evolution of a repository over a timeframe 
of approximately one million years, most of the scenario deals with changes that would occur 
on a much more abbreviated timeframe (Figure 4).  The description begins with a “pre-closure” 
phase of about 100 years.  During this time, waste would be emplaced in the repository (e.g., 
the first 30 years of operation).  The emplacement rooms would be backfilled and sealed, but 
the main access tunnels and shafts would be left open for decades longer (e.g., 70 years) for 
extended monitoring.  At the end of the pre-closure phase, the repository would be sealed and 
closed.  The second stage, which would have a duration of approximately 100 to 1000 years, is 
a transition period during which groundwater saturates and reacts with the sealing materials in 
the repository, and conditions become anaerobic.   
 
 

 

 Figure 4:  Approximate timing of some key events in the Defective Container Scenario.  
The timing is contrasted with the change in radioactivity over time for used fuel (total and fission 
products contribution) and the same amount of natural (unirradiated) uranium ore. 
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The main period of interest begins after the repository is saturated and water enters the 
defective container.  Ultimately, the processes initiated by this event would lead to a loss of 
structural integrity of the container and to the release of radionuclides from the wasteform.  We 
can identify with reasonable confidence the processes that would occur during this stage, but 
their timing, sequence, and extent would depend on a number of interrelated factors that are 
difficult to specify.  For example, the rate and degree to which corrosion affects the various 
container materials would be determined in large part by the availability of water inside the 
container and by the amount of metal (surface area) exposed to the water.  The availability of 
water depends, in large part, on the rate at which the water is supplied through the defect, 
which in turn depends on factors such as the hydraulic conductivity of the saturated buffer 
material, the diffusion rate of water vapour through the defect, and the balance between 
hydrostatic pressure in the repository and gas pressure inside the container.  Even the location 
of the defect and its orientation on the container surface have implications in terms of how and 
when subsequent corrosion processes would occur.  Considering the range of processes 
involved and the dependency of these processes on geometry, it is uncertain how long it would 
take for the structural integrity of a container to be lost and for sufficient water to accumulate 
inside it to form a continuous pathway for transport of dissolved radionuclides, but we estimate 
that these events would occur sometime between about 10,000 and 100,000 years after 
emplacement.  The rationale for this estimate is discussed further in Section 3.   

Finally, we briefly extend our description far into the future, long after a defective container 
would have failed, to the changes that would be evident on a timeframe of roughly one million 
years.  This period would be characterized by repeated periods of glaciation and deglaciation, 
affecting rock stresses and groundwater movement, with some implications for the movement 
of radionuclides in the geosphere. 
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2. SYSTEM DESCRIPTION 

 
2.1 REPOSITORY LAYOUT AND DESIGN 
  
Although there is presently no specific site or design for a Canadian deep geologic repository, a 
reference concept can be characterized by a small range in key parameters.  In this report, 
where it is helpful for illustrative purposes to make detailed assumptions about repository 
components and their design, we use descriptions and parameter values that are currently 
being considered for a Canadian repository, if this were to be the approach selected for the 
long-term management of used fuel (Table 1).  In general, the main features of such a 
repository are summarized as follows: 

•  A repository would be located at a nominal depth of between 500 and 1000 m 
below the surface in crystalline rock of the Canadian Shield, in a region where 
there are no known mineral deposits or other economically exploitable 
geological resources. 

•  A repository would contain approximately 3.6 million bundles of used CANDU 
fuel, which have been discharged from the reactor for at least 30 years. 

•  Prior to emplacement, the used-fuel bundles would have been sealed inside 
large, thick-walled containers that would consist of an outer copper corrosion-
resistant shell surrounding an inner steel load-bearing vessel.  Each container 
would hold about 300 used-fuel bundles.  The outer surface temperature of 
the container after emplacement would not exceed 100oC.   

•  The containers would be placed in excavated rooms in a repository or in 
boreholes drilled into the floor of the rooms, and each container would be 
surrounded by a bentonite clay-based buffer material. 

•  As emplacement proceeded in a repository, the open space in each room 
would be filled with backfill material, and the rooms would be closed off by 
seals made of clay-based and cement-based materials.  At the end of an 
extended monitoring period, all access tunnels, shafts, and boreholes in the 
vicinity of a repository likewise would be backfilled and sealed. 
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 Table 1:  Parameters for Defective Container Scenario   
 

PROPERTY REFERENCE VALUE RANGE 
 Used Fuel  

Waste form Used CANDU fuel bundles - 
Bundle 37-element standard length 28-element or 37-element  
Initial mass U 19.2 kg/bundle 19.1-20.1 kg/bundle 
Initial mass Zircaloy  2.2 kg/bundle 2.0-2.24 kg/bundle 
Burnup 220 MWh/kg U 120-320 MWh/kg U  
Bundle power rating 455 kW/bundle 200-900 kW/bundle 
Fuel age at emplacement 30 years 30-100 years 

 Container  
Design Copper outer vessel, with 

steel load-bearing inner vessel, 
bundles held in steel sleeves 

- 

Outer shell material Oxygen-free, phosphorus-doped (OFP)  
high-purity copper 

- 

Inner shell material Carbon steel - 
Container gas Inert gas installed at atmospheric pressure - 
Container capacity 324 bundles 288-324 bundles 
Number of defected 
   elements per container 

0 0 or 1 

Number of defective 
   containers in repository 

2 0 – 12 
 

Size of initial defect 0.1 - 10 mm2 x 25 mm deep 0.1 - 30 mm2 x 25 mm  
Container dimensions 1.2 m outer diameter x 3.9 m long 0.98-1.2 m outer diameter,  

3.4-5.2 m long 
Outer shell thickness 25 mm 25-30 mm 
Inner shell wall/lid 
   thickness 

96 mm / 159 mm 80-103 mm / 133-170 mm 

Container mass 24 Mg loaded 20-24 Mg loaded 
Thermal output 1140 W at 30 yrs, 220 MWh/kg U, 324 

bundles 
Varies with age, number of 
bundles and burnup 

Maximum temperature  
  on outer surface 

100oC (design constraint) Some containers may be 
cooler 

 Buffer/Backfill  
Buffer thickness 0.5 m 0.3-1 m 
Buffer composition 100% clay for 0.25 m, 

50:50 clay:sand for 0.25 m 
Bentonite clay content of 50-
100% by weight 

Buffer density 1.6 Mg/m3 dry density at 100% clay 
1.7 Mg/m3 dry density at 50% clay 

Sufficient for saturated 
permeability   < 10-17 m2 

Backfill thickness 
  (emplacement room) 

0.5 m - dense backfill 
0.2 m - light backfill 

As required to fill additional 
spaces around buffer and in 
access tunnels and shafts 

Dense backfill composition 5% bentonite, 25% clay, 70% granite 
aggregate, 2.1 Mg/m3 dry density 

- 

Light backfill composition 50:50 bentonite clay, granite sand, 
 1.2 Mg/m3 dry density 

50 or 100% bentonite clay, 
remainder is granite sand;  
1.2-1.4 Mg/m3 dry density 

Concrete 0.2 m-thick floor, low-heat high-performance 
concrete 

0-0.3 m thick floor 

continued… 
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Table 1:  Parameters for Defective Container Scenario (concluded) 
 

PROPERTY REFERENCE VALUE RANGE 
Seals and plugs Placed at intersecting fractures, room 

entrances, and periodically along access 
tunnels and shafts. 

Clay or concrete-based seals, 
sufficient for permeability  
< 10-17 m2 

Buffer porewater 
   composition 

Na-Cl-SO4 dominant, 
pH ~ 9 initially,  decreasing to ~7.5 
 
 

pH:    7-9.5; Eh:  -225 to 0 mV 
Na:    0.1 to 7 g/L 
Ca:    0.01 to 4 g/L 
Cl:     3 to 20 g/L 
SO4:  0.6 to 10 g/L 

 Repository  
Depth 500 or 1000 m 500-1000 m, depending on 

site characteristics 
Area 1.7 km2 1.5-2.5 km2 
General design In-room emplacement,  

double row of containers 
In-room or in-floor 
emplacement rooms, single or 
double row of containers 

Excavation method Controlled drill-and-blast - 
Total number of bundles 3.6 million - 
Total number containers 11,200 11,200 to 12,500  
Operation phase 30 years - 
Preclosure monitoring phase 100 years - 

 Geosphere  
Predominant rock type Granite or granodiorite Crystalline plutonic rock  
Rock structure at depth Sparsely fractured rock (SFR) or moderately 

fractured rock (MFR) 
- 

Geothermal gradient 0.012 K/m < 0.02 K/m 
Permeability Varies spatially  10-15 to 10-12 m2 for fracture 

zones (FZ) 
 10-18 to 10-15 m2 for MFR 
 10-21 to 10-18 m2 for SFR 

Porosity Varies spatially 0.001-0.005 in SFR/MFR,  
0.01-0.1 in FZ 
(bulk average, not transport 
porosity) 

Groundwater composition  
  at depth 

In fractures - 10 g/L Total Dissolved Solids 
(TDS), Ca-Na-Cl-SO4 dominant, Eh = -100 
mV 
 
In rock matrix - 50 g/L TDS, Ca-Cl dominant, 
Eh = -100 mV 
 

pH:     6-9 
Eh:     -225 to 0 mV  
TDS:   0.1 to 100 g/L  
Na:      0.001 to 10 g/L  
 K:       0.003 to 0.2 g/L 
Ca:      0.10 to 30 g/L 
Mg:      0.002 to 0.3 g/L  
Cl:       0.01 to 60 g/L  
SO4:    0.001 to 3 g/L  
HCO3:  0.01 to 0.1 g/L  

Groundwater hydraulic   
   gradients at depth 

0.005 m/m < 0.01 m/m 

 Surface/Biosphere  
Land surface temp. +10oC annual average (present) -5 to +10 oC annual average 
Air surface temp. +5oC annual average (present) -10 to +5 oC annual average 
Ecosystem Temperate boreal (present) Temperate boreal, boreal (tree 

line), tundra 
Peak thickness of glacial ice 
   at repository 

2400 m 2000-3000 m 
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2.2 MAIN COMPONENTS  
 
General characteristics of a deep geologic repository are summarized below.  More detailed 
descriptions of the components are provided in McMurry et al. (2003). 

2.2.1 Used-Fuel Bundles 

Nuclear-generated electricity in Canada is produced using CANDU reactors, which are fuelled 
by high-density ceramic pellets of high-purity unenriched uranium dioxide (UO2).  The pellets 
are placed inside a tube called the fuel sheath (cladding) which in the current design is made of 
a zirconium-tin alloy, Zircaloy-4.  Each end of the pellet-filled tube is closed with a welded 
Zircaloy plug to produce a sealed fuel element.  The fuel elements are welded to end plates to 
form a fuel bundle (Figure 5).  The number of fuel pellets per fuel element, and the number and 
dimensions of fuel elements per fuel bundle, depend on the particular CANDU reactor.  The 
most common CANDU fuel bundle in Canada contains 37 elements and weighs 23.9 kg, of 
which 21.7 kg is UO2 and 2.2 kg is Zircaloy (Tait et al. 2000).   

The radioactivity, heat output, and composition of used fuel are affected by how many fissions 
have taken place within the fuel while it was in the reactor.  This is roughly proportional to the 
energy released by the fuel per unit mass of uranium, or fuel burnup.  Tait et al. (2000) 
calculated that the typical burnup range (99th percentile) of CANDU fuel is about 120 to 320 
MWh/kg U and recommended an average burnup value of 220 MWh/kg U.  Used CANDU fuel 
bundles contain approximately 2% by mass of new nuclides, including fission products, 
activation products, and actinides other than uranium; 98% of the used fuel is unchanged 
uranium and oxygen.   

 

 Figure 5:  Typical CANDU fuel bundle. 

Approved for Issue - VERIFY STATUS PRIOR TO USE



 - 11 - 

On the microstructural scale, some volatile fission products diffuse out of the UO2 grains and 
collect along grain boundaries (while the fuel is hot and in-reactor), or they diffuse into the 
space between the fuel pellets and the cladding of the sealed fuel elements.  Collectively, these 
are called the grain boundary and gap inventories of radionuclides.  Metallic, non-volatile fission 
products that are poorly compatible with the crystal structure of UO2 tend to segregate as small 
discrete particles at UO2 grain boundaries.  Most fission products and actinides remain in solid 
solution in the UO2 crystal matrix.   

Immediately after being removed from a reactor, a used-fuel bundle is highly radioactive and 
generates a significant amount of heat, due mainly to the decay of short-lived fission products.  
After 30 years or more of storage prior to emplacement, the radioactive emissions of a used-
fuel bundle would be less than 0.1% of its initial value.  Similarly, the heat output would 
decrease from more than 25 kilowatts per fuel bundle at the time of discharge from a reactor to 
less than 4 watts per bundle 30 years later, at the time of emplacement in a repository (Tait and 
Hanna 2001).    

2.2.2 Containers 

The container design concept consists of a copper outer vessel with walls that are 
approximately 25-30 mm thick, enclosing a steel inner vessel which has walls that are at least 
80 mm thick (Table 1, Figure 6).  The purpose of the copper shell is to provide the container 
with long-term corrosion resistance.  The steel vessel would be the load-bearing component of 
the container, designed to withstand a sustained external pressure of 15 MPa at 120oC (Maak 
2001).  This load is equivalent to a hydrostatic head of 1000 m of water plus the swelling 
pressure exerted by the buffer.  To allow for the additional load that eventually would be placed 
on the container by a thick ice sheet during glaciation, the steel vessel also would be designed 
to withstand 45 MPa of external pressure at 50oC.  

 

  

 
 Figure 6:  Cut-away view of a large used-fuel container, showing the inner and outer 
vessels.  (after Russell and Simmons 2004). 
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To facilitate assembly of the containers, there initially would be a small gap (about 1 mm of 
clearance) between the inner (steel) and outer (copper) vessels.  Inside the steel vessel, used-
fuel bundles would be held in a fixed spatial arrangement by an array of steel tubes called a 
basket.  During assembly, multiple layers of these baskets of used-fuel bundles would be 
stacked inside the steel vessel, after which the interior of the vessel would be backfilled with an 
inert gas such as helium.  A thick steel lid would be bolted in place to close the steel vessel, 
after which the container would be sealed by welding a copper lid to the copper shell in a 
vacuum welding chamber.  A gasket seal under the steel lid would keep the inert gas from 
escaping from the steel vessel interior during this vacuum welding process.  The sealed 
containers would be emplaced in the repository in either a horizontal or vertical orientation, in 
accordance with the repository design. 

The exterior surface temperature of the container, after emplacement, would be constrained to 
a maximum value of 100oC (Maak 2001).  The temperature would depend on factors such as 
the quantity of used fuel in the container, the discharge age and burnup of the used fuel, the 
dimensions and geometry of the container, and heat-transfer properties of the container.  
Differences in these properties – as well as other factors such as the relative location of the 
container with respect to other containers in the repository, the depth of the repository, and the 
heat-transfer properties of the repository sealing materials and of the geosphere – would affect 
the evolution of container temperatures over time.  Thermal analyses indicate that the 
maximum temperature of each container would be reached relatively soon (within 25 years) 
after emplacement (Figure 7).     

 

 Figure 7:  Variations in container surface temperature over time.  The assortment of 
temperature profiles reproduced here correspond to results for various container designs and 
fuel loading characteristics (McMurry et al. 2003). 
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2.2.3 Sealing Materials 

The proportions and the emplacement of the various engineered materials that would be used 
to fill and seal a repository would depend on the specific repository design (Figure 8), but the 
main sealing materials would consist of (1) a thick layer of bentonite-based buffer material that 
completely surrounds each container, and (2) backfill, an aggregate of crushed rock and clay 
that would be used to fill in the remaining empty spaces in the emplacement rooms and tunnels.  
Table 2 summarizes the as-emplaced properties of several types of buffer and backfill.  Note 
that all of the sealing materials listed contain some moisture initially to facilitate their handling, 
but each material also contains 5 to 30% open (air-filled) porosity.  Depending on the repository 
design, concrete floors may also be required, in addition to minor amounts of metallic hardware, 
such as rock bolts and screens to stabilize excavated walls and ceilings.  After they have been 
backfilled, emplacement rooms would be closed off with a composite seal consisting of a 
gasket of buffer material and a thick bulkhead of concrete.  When the repository itself is closed, 
similar methods would be used to backfill and seal all access tunnels, shafts, and associated 
boreholes. 

 Table 2:  Physical Composition and As-emplaced Properties of Potential Sealing 
System Components (Representative Examples) a 

    Dense Bentonite 
Buffer 

50:50 
Buffer 

Dense 
Backfill 

Light 
Backfill 

Composition (dry wt%)     
Sodium-bentonite Clay 100 50 5 50 
Silica Sand - 50 - - 
Glacial-lake Clay - - 25 - 
Crushed Granite - - 70 50 
Physical Properties     
Porosity (%) 41 38 22 55 
Water Content, as-placed (wt%) 17 18 8 15 
Degree of Saturation, as-placed (%) 65 80 80 33 
Bulk density, dry (Mg/m3) 1.6 1.7 2.1 1.2 
Effective montmorillonite dry  
density (EMDD) (Mg/m3) b,c 

1.4 1.1 0.8 0.7 

Bulk density, as-placed (Mg/m3) 1.9 2.0 2.3 1.4 
 
a After Baumgartner (2000), based on formulations used in the EIS Case Study and Second Case Study as well 

as proposed materials for an alternative in-room geometry (Russell and Simmons 2004). 
b    Based on use of bentonite containing 80% montmorillonite (e.g.  Saskatchewan Avonlea material) 
c   EMDD = Dry mass of montmorillonite in the sample divided by (total volume of sample less volume occupied by 

all non-montmorillonite solids) 
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 Figure 8:  Schematic representations of container emplacement options (not to scale).  
Top drawing is a vertical in-floor option, with two examples of in-room or horizontal 
emplacement shown below.  Depending on the specific design, the room bulkhead would 
extend into adjacent rock to resist high hydrostatic and swelling pressures and to serve as an 
additional barrier to the migration of contaminants from a room. 
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The main constituent of buffer would be bentonite, a naturally occurring, clay-rich sediment 
composed primarily of montmorillonite, a smectitic clay mineral that has expandable layers and 
a high cation-exchange capacity.  Montmorillonite is responsible for the most distinctive 
property of bentonite, which is that it can swell to several times its original volume when placed 
in water.  A dense, water-saturated bentonite has sufficient plasticity to prevent the formation of 
fractures in the buffer.  It puts a substantial swelling pressure on its surroundings, and it exhibits 
a very low hydraulic conductivity (Dixon et al. 2001, 2002).  Depending on repository design, 
more than one type of buffer material could be used, differing primarily in the amount of 
bentonite used (e.g., 100% bentonite or a 50:50 mixture of bentonite and sand) and by the 
degree of compaction (density) of the buffer on emplacement.     

Two types of backfill material—dense and light—would be used to fill open spaces in the 
emplacement rooms, access tunnels, and shafts.  Dense backfill is a mixture of crushed rock, 
clay, and bentonite that would be installed either by compaction in situ or as pre-compacted 
blocks.  In contrast, light backfill contains less crushed rock and more bentonite, and it is not as 
dense.  It would be used to fill the sides and upper (crown) regions of rooms and tunnels where 
it would not be possible to place either compacted buffer or dense backfill because of geometric 
or other constraints. 

2.2.4 Geosphere 

A repository would be excavated within a volume of crystalline rock at a depth of 500 to 1000 m 
below ground surface in the Canadian Shield.  The conditions in the geosphere around a 
repository at the time of emplacement would depend on the local characteristics of the site 
selected, but they would be common to those in many parts of the Canadian Shield.  At 
repository depth, the crystalline rock would be intact (sparsely fractured) or moderately 
fractured, with low to moderate hydraulic conductivity.  Groundwater in fractures at these 
depths would be chemically reducing and saline, and it is likely to be relatively old (long 
residence time) and stagnant (e.g., Gascoyne 2004).  Water in the matrix of the rock (pore 
fluids) would be more highly saline than in the fractures, largely as a result of in situ rock-water 
interactions over hundreds of millions of years.  A diverse microbial assemblage would be 
present in the rocks, largely in fractures, but the abundance and metabolic activity of the 
organisms would be low compared to near-surface environments (Pedersen 2000, Haveman et 
al. 1995).   

In the past million years, the Canadian Shield has experienced ten or more major cycles of 
glaciation and deglaciation (melting).  The last glacial cycle spanned a period from 
approximately 70,000 years ago until approximately 10,000 years ago.  At the time of maximum 
glaciation, the Canadian Shield was covered by an ice sheet with a central thickness of 
approximately 3 km (Peltier 2003).  Modern warm-climate conditions are thought to be part of 
an interglacial period that is preceding the onset of another glacial cycle.  During the next 
million years, therefore, it is likely that the most important regional-scale process to affect a 
deep geologic repository would be glaciation.  In the subsurface, the most significant effects 
would be (1) changes in rock stresses caused by the load placed on the region by a thick sheet 
of ice, and (2) changes in the groundwater flow regime and groundwater chemistry, particularly 
in the upper part of the geosphere.  

Approved for Issue - VERIFY STATUS PRIOR TO USE



 - 16 - 

Anthropogenic global warming, driven largely by the accumulation of atmospheric CO2 from the 
burning of fossil fuels, may delay the next glaciation (Peltier 2002).  However, with respect to 
long-term climate such a delay would be a transient phenomenon, on a scale of hundreds to 
thousands of years, that would diminish as fossil fuel resources are depleted and natural 
processes remove excess CO2 from the atmosphere.  Accordingly, we have assumed that the 
onset of the next continental-scale glaciation will commence, regardless of global warming 
effects, sometime within the next 10,000 to 100,000 years.   

2.3 CHANGES IN CONDITIONS  

This section summarizes the main processes, as described for the Base Scenario, that would 
affect a repository over time (McMurry et al. 2003).  The same conditions also apply in general 
to the Defective Container Scenario. 

2.3.1 Radiation-related Changes 

Radioactive decay in the used fuel occurs by gamma, beta, and alpha emission.  For about 500 
years, the process would be dominated by the decay of numerous short-lived, gamma-emitting 
fission products (Figure 4).  After this period, the radioactivity would be dominated by slowly 
decaying actinides, including uranium, many of which decay by the emission of alpha particles.  
After about a million years, the residual radioactivity associated with a deep geologic repository 
would have declined to levels similar to naturally occurring high-grade uranium orebodies, such 
as those which are mined in Canada in northern Saskatchewan.   

Some radionuclides in the used fuel would undergo radioactive decay directly to stable 
elements.  In other cases, a succession of elements would be produced in decay chains, 
ending ultimately by decay to stable progeny.  Nevertheless, even over a million-year timeframe 
all of the changes from radioactive decay would represent only a modest rearrangement of the 
chemical composition of the used fuel, of which about 98% would persist as uranium and 
oxygen.  Formation of helium by alpha decay in the used fuel would result in a gradual but 
steady increase in the amount, and hence pressure, of gas inside sealed fuel elements until 
such time as the cladding failed and the gas was released.   

2.3.2 Thermal Changes 

The thermal output from the used fuel would produce a maximum temperature at container 
surfaces within about 25 years after emplacement, after which the temperature would decline 
over time (Figure 7).  The thermal plume would reach its broadest extent in the geosphere after 
about 10,000 years, followed by a gradual return to ambient geosphere conditions over a period 
of about 100,000 years.   

Heat from the container would initially dry out the adjacent sealing materials, resulting in 
decreased activity of bacteria, a slight shrinking of the buffer, and a local reduction of thermal 
conductivity.  The displaced moisture in the buffer would condense at some distance from the 
container where conditions would be cooler.   

In intact or sparsely fractured rocks with low hydraulic conductivity, thermal expansion of water 
in the rock matrix would cause the pore fluid pressure to increase.  The warmer temperatures 
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also would tend to increase the solubility of minerals and would cause the groundwater to 
become less dense.  Generally, these conditions would reverse as the system slowly cools.  

2.3.3 Hydrogeological Changes 

During emplacement of containers, the open repository excavations would be at atmospheric 
pressure (0.1 MPa).  Locally, this produces a sharp hydraulic gradient in the adjacent 
geosphere, where hydrostatic pressures would be on the order of 5 to 10 MPa.  After closure of 
the repository, hydrostatic pressure would be restored as water is drawn from the rock into the 
sealing materials, saturating the backfill and buffer.  The time required for the sealing materials 
to become fully saturated would depend on site-specific hydrogeological properties of the 
geosphere.  In intact or sparsely fractured rock, it is likely that a repository would be at or near 
saturation after 100 to 1000 years.  Less time for saturation, perhaps on the order of decades, 
would be needed in moderately fractured, water-bearing rock where hydraulic conductivities are 
greater (Börgesson and Hernelind 1999). 

Hydrogeological properties would change during glaciation.  An extended period of widespread 
permafrost formation, for example, would restrict recharge to the flow system.  Eventually an 
ice sheet would cover the repository location.  As long as there was no melting at the base of 
the ice sheet, groundwater recharge would continue to be inhibited in this region.  The 
increased hydrostatic pressure from the weight of the ice would increase the pore pressure in 
sparsely fractured or intact rocks, and it would tend to move groundwater down or horizontally 
along existing advective flow paths.  Where melting occurs at the base of a thick ice sheet or at 
the edge of a retreating glacier, dilute and oxygenated waters would be available for recharge 
of the flow system.  The depth to which glaciation-related changes in groundwater movement 
occur would depend on local characteristics of the geosphere (e.g., pre-existing flow system 
and other hydrogeological properties) and characteristics related to the glacial cycle (e.g., 
thickness of the ice sheet).  But evidence suggests the effect would be confined to the top 200 
to 300 m of the Canadian Shield, where an advective flow system dominates in fractured 
crystalline rock (Gascoyne et al. 2003). 

2.3.4 Mechanical Changes 

Construction of a repository would result in a limited amount of microcracking of rock at the 
interface of the excavation and the geosphere.  In a more regional sense, changes in rock 
stresses during cycles of glaciation and deglaciation are likely to result in the reactivation of 
existing fractures or in propagation of new fractures in the rock, depending on regional stress 
conditions.  New fractures formed by post-glacial faulting likely would be limited in general to 
near-surface environments, e.g., the upper 300 metres of rock (Brown et al. 1995).   

The external load on containers at the time of emplacement would consist of little more than the 
weight of the overlying sealing materials.  The load would gradually increase to 10 to 15 MPa 
during saturation of the repository due to the establishment of hydrostatic pressure in the 
system and due to the development of additional swelling pressure as the bentonite in the 
sealing materials expands.  Increases in saturation-related swelling pressure are likely to 
develop slowly (over tens to hundreds of years), and so compression of the copper shell onto 
the steel vessel would be expected to occur mainly by creep (Maak 2001).  The additional load 
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on the containers (about 30 MPa) that would develop during glaciation is a transient 
phenomenon related to the presence of a thick, overlying ice sheet.  This loading and unloading 
process likely would be repeated during subsequent glacial cycles.  Although compressive 
stresses in excess of hydrostatic and swelling pressures would be applied to containers during 
glaciation events, the steel vessel would be designed to remain load-bearing as long as the 
copper outer shell provides corrosion resistance.   

2.3.5 Chemical Changes 

Most of the chemical reactions in a repository system would involve water, and so they would 
be important mainly during and after saturation of a repository.  Groundwater would react with 
the clays and crushed rock in the buffer and backfill, dissolving some minerals and undergoing 
ion exchange with the montmorillonite in the bentonite.  The solubility of some minerals in the 
sealing materials and in the geosphere would be slightly enhanced by the heat from the used 
fuel, causing a localized increase in the amount of total dissolved solids (TDS) in the 
porewaters.  As a repository system gradually cools, solubilities would decrease, and 
oversaturated salts and other minerals would tend to precipitate in pore spaces and in fractures.    

Trapped air in the sealing materials initially would provide aerobic conditions in the repository, 
leading to a limited amount of surface corrosion on all of the copper containers.  Microbially-
mediated reactions, in addition to reactions of oxygen with the copper containers and with iron-
bearing minerals in the sealing materials, would promote a return to a reducing chemical 
environment over 100 to 1000 years.  Over a much longer time, the composition of the 
porewater in the sealing materials would evolve by diffusion to a composition similar to that of 
the groundwater.   

2.3.6 Biological Changes 

Although a diverse microbial population is found throughout Canadian Shield groundwaters, 
these organisms require water, nutrients, a source of energy, and a physiologically tolerable 
environment in order to thrive (Haveman et al. 1995, Pedersen 2000).  Since these conditions 
are not readily available underground, the metabolic activity is considerably less than that of 
microbes at and near the earth’s surface.  In addition to microbes that would be present 
naturally at depth, microbes would be introduced into a repository environment during the 
operational and closure stages.  Biological processes associated with these organisms would 
help to promote reducing chemical conditions in the repository while the sealing materials 
saturate.  After this initial oxidizing period, anaerobic bacteria, which were the main forms of life 
in the geosphere at depth prior to repository excavation, would dominate the microbial 
assemblage in a repository, and reducing conditions would be maintained.   

After emplacement of the containers, elevated temperatures and the desiccation of buffer would 
cause a sharp decrease in biological activity adjacent to the containers.  After temperatures 
drop and the buffer saturates, it would be very difficult for bacteria to reactivate in this region 
due to the small pore sizes and low water activity in compacted bentonite (King et al. 2003).  At 
greater distances from the containers, microbial activity would be less inhibited by temperature 
or low water activity.  In this region, metabolic by-products (such as sulphides that would be 
produced by sulphate-reducing bacteria) have the potential to diffuse through the biologically 
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inactive portion of the sealing materials to influence the type and rate of copper corrosion at the 
container surface.  However, diffusion modelling studies indicate that only a small portion of 
such by-products would reach the container surface, so this effect would be expected to have a 
limited impact on container corrosion (King 2002, Wersin et al. 1994, King et al. 2003).  
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3. DEFECTIVE CONTAINER SCENARIO 
  
The reference design basis for containers in a Canadian deep geologic repository is that they 
would not fail by corrosion and creep processes in less than 100,000 years.  Present models 
(King 1997) suggest that the actual corrosion lifetime would be likely to exceed one million 
years.  The container is also designed to accommodate the expected loads, including glacial 
load, without structural failure.   

In theory, there are various ways in which a container could eventually fail.  However, we are 
most interested in failures that could occur early, while the radioactivity is highest.  The most 
likely mechanism for premature loss of container integrity would be due to undetected defects 
in the copper shell that were introduced during container manufacturing and seal welding 
processes.  These defects are envisioned to be small openings in the copper shell that would 
permit an early ingress of groundwater into the container, enabling reactions with the used fuel 
and the subsequent release and transport of radionuclides from the containers.   

3.1  INITIAL DEFECT 

Containers for a repository would be manufactured according to a process that includes careful 
design, fabrication, closure welding, and a series of inspections to ensure a low defect rate.  At 
most, only a small fraction of the thousands of containers emplaced in a repository would be 
likely to have an initial through-wall defect.  In a study of failure statistics for a variety of 
pressure vessels and nuclear components, Maak et al. (2001) estimated that the probability of 
early failure of a used-fuel container due to undetected manufacturing and installation defects is 
on the order of 1 defect per 5000 containers, with a range from 1 per 1000 to 1 per 10,000.  
This estimate is similar to the value of 1 per 4000 that was assumed by the Swedish Nuclear 
Fuel and Waste Management Company in their safety assessment of a canister defect scenario 
(SKB 1999).  In a repository with 11,200 to 12,500 containers (Table 1), therefore, a few of the 
emplaced containers would be likely to have an undetected through-wall defect.   

The shape of the defect is likely to be irregular, ranging from a thin planar or cylindrical crack to 
a tubular hole depending on the initial fault.  Regardless of how the defect originated, its size 
would be constrained to some extent by the fact that it must be large enough to penetrate a 
sheet of copper that is about 25 mm thick but small enough that it escapes detection.  For 
example, the area exposed by a defect was assumed to be 5 mm2 in SKB models of a 
container defect scenario (Bond et al. 1997), and 0.07 to 7 mm2 in AECL models associated 
with the Second Case Study (Johnson et al. 1996).  In this report, to the extent that the size of 
the initial defect would be a factor in describing the evolution of processes, we have assumed 
that the area exposed by the defect, regardless of shape, is approximately 0.1 to 10 mm2. 

3.2 REPOSITORY CONDITIONS PRIOR TO SATURATION  

The pre-saturated period covers the time from when the containers are first emplaced in a 
repository until the time their exterior (copper) surface is in contact with fully saturated sealing 
materials (i.e., the time at which the buffer is saturated and is exerting a high swelling pressure 
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on the container surface).  In sparsely fractured rock, it is likely that this pre-saturated period 
would last from 100 to 1000 years (McMurry et al. 2003).   

At the time that the emplacement rooms are backfilled and sealed, they would contain partially 
saturated (moistened) buffer and backfill (Table 2).  Voids (porosity) in the sealing materials 
would contain trapped air, of which approximately 20% would be O2.  The air (mainly N2) also 
would contain water vapour and other gases such as CO2.  Heat from the container would 
cause the nearby bentonite to dry out.  The moisture released from the clay as water vapour 
would migrate away from the container through the interconnected pore spaces of the sealing 
materials towards the cooler regions in the buffer and backfill.  Condensation of the water 
vapour would occur in cooler portions of the sealing materials. 

The relative humidity of the trapped air in the sealing materials near a container is of interest 
because corrosion of copper and iron in air is observed to be slow or nonexistent at relative 
humidities less than about 50%.  Above this value, copper is subject to aerobic uniform 
corrosion, with formation of copper oxide (cuprite) as the predominant corrosion product (Cohen 
1986, Watanabe et al. 2002).  Corrosion of steel under the same conditions produces hydrated 
iron oxides (“rust”).   

To some extent, the maximum relative humidity of air in the pore spaces of dry or partially 
saturated bentonite would be limited by the fact that montmorillonite, a strongly hydrophilic 
mineral, tends to sorb water from the air (Fredlund and Rahardjo 1993).  Accordingly, 
desiccated bentonite has a large suction potential.  As bentonite becomes saturated (water 
content of 25-30%), its suction potential drops exponentially (Figure 9), which in turn results in a 
higher relative humidity (Figure 10).  

As indicated by the relationship between moisture content, suction potential and relative 
humidity in Figures 9 and 10, however, the relative humidity of the sealing materials would 
exceed the threshold value of 50% even when the buffer itself was still comparatively 
unsaturated.  Atmospheric corrosion would therefore affect the exterior copper surface of all 
containers in an emplacement room, and it would also affect the interior copper surfaces and 
exposed steel surfaces of a defective container.    

Typical rates for corrosion of steel in humid air are approximately 0.5 mm per year (Jones 1986, 
Cohen 1986, Graver 1985), and King and Kolar (1997) estimated a corrosion rate of 0.1 to    
0.3 mm per year for copper at 90o in humid air.  However, estimates of atmospheric corrosion 
under expected repository conditions are substantially lower (King et al. 2002).  This is because 
various processes that limit oxygen availability would inhibit aerobic corrosion in a repository.  
For example, the amount of oxygen-bearing air trapped in the sealing materials would be finite 
(unreplenished), and the oxygen molecules would be less mobile than in open air.  To reach the 
container surface, the oxygen would have to diffuse through a thick layer of low-permeability 
buffer material.  Moreover, the available O2 would be depleted not only by corrosion reactions 
with the containers but also by reactions with minerals and microbes throughout the sealing 
materials. 
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 Figure 9:  Total suction and water content in buffer materials.  The various buffer 
materials contain differing proportions of montmorillonite, which is the main factor in 
determining the total suction potential of the clay.  The shaded area indicates the general range 
of water content for which buffer materials are fully saturated.  As-placed buffer typically has 
about 17-18% water content, while dried buffer near the container may be around 5%. 

 
 

 Figure 10:  Relationship between total suction and relative humidity in clay-based 
materials.  (after Fredlund and Rahardjo 1993).  Clays with total suction values of about 1 MPa 
are near saturation.  Very dry materials have total suction values in the range of approximately 
60 to 120 MPa. 
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Hydrostatic and swelling pressures in the repository would increase as the groundwater 
saturation front advances through the sealing materials.  Air confined in isolated pores of the 
sealing materials would gradually dissolve into the water under increased pressure.  Air in 
interconnected pore spaces would be somewhat mobile and would tend to migrate through the 
unsaturated clay toward regions of higher porosity or lower confinement.  Overall, however, this 
air also would be compressed into increasingly smaller volumes throughout the room until it 
dissolved into the water.   

In a defective container, air initially would be present only in the narrow assembly gap between 
the copper and steel vessel (Figure 11).  The void space in the interior of the steel vessel would 
be filled with an inert gas (helium), held in place by a gasket seal beneath the bolted-on lid of 
the steel vessel.  The purpose of the gasket is to form a temporary seal during container 
packaging operations to keep the inert gas from escaping from the steel vessel while the 
copper lid is being attached in a vacuum welding chamber.  The gasket is not designed to resist 
high pressures, and at a pressure only slightly greater than atmospheric (e.g., at about 0.2 
MPa) in the repository, it would cease to make a tight seal.  Air would begin to leak into the 
vessel interior, and the helium would begin to diffuse out.  By the end of the pre-saturated 
period, the gas in the interior of the steel vessel would consist mainly of a mixture of oxygen-
depleted air (largely N2) and helium (Figure 11). 

 

 

 Figure 11:  Presence of air and other gases in a defective container at time of 
emplacement and after saturation of the buffer.  Reactions with container materials and with 
microbes and other reducing agents in the sealing materials would remove oxygen from the 
trapped air in the emplacement room, leaving nitrogen as the only abundant gas.  At the end of 
the pre-saturated period, swelling pressure from the buffer would have closed most of the 
assembly gap by compressing the copper onto the steel, and water (in the buffer) would be in 
contact with the copper exterior surface of the container. 
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At saturation, the hydrostatic pressure in the water-filled pores of the sealing materials would be 
5 to 10 MPa (for a repository depth of 500 to 1000 m).  However, it is likely that the air pressure 
inside a defective container at this point would be less than the fully developed hydrostatic 
pressure.  As an illustration of why this would be the case, consider that the internal free 
volume (void space) of a container is approximately 0.5 to 1 m3, depending on specifics of 
container design and loading.  Filling this volume to 5 MPa would require 30 to 60 m3 of air at 
0.1 MPa (i.e., atmospheric pressure), and twice that amount to fill it to 10 MPa.  In order for the 
gas pressure inside the defective container to balance the hydrostatic water pressure at 
saturation, therefore, at least 30 m3 of gas would have had to enter the container.  This would 
represent a significant fraction of all of the air (about 60 to 600 m3 at 0.1 MPa) that was 
originally trapped in the room.  Given other constraining factors, such as the low permeability of 
saturated buffer and the distances involved for movement of the gas molecules, it is likely that a 
pressure differential will develop between the interior and exterior of the defective container 
while saturation is occurring.  As a result, water vapour, other gases, and liquid water would be 
drawn from the wet, poorly permeable sealing materials into the container interior via the defect 
in the copper shell. 

3.3 POST-SATURATION PROCESSES 

Our description of post-saturation processes begins when the clay buffer surrounding the 
defective container is completely saturated, and liquid water is about to enter the defect in the 
container (Figure 11).  Approximately 100 to 1000 years have passed since emplacement of the 
container in the repository.  The assembly gap between the copper and steel vessels (about 
1 mm in the reference design) by now is almost completely squeezed closed except near the 
corner of the copper lid and shell (Saiedfar and Maak 2002).  The temperature of the container 
at this time is likely in the range of 60 to 90oC.  

3.3.1 Anaerobic Corrosion of the Steel Vessel 

By the time that the repository is saturated, virtually all of the free oxygen in the sealing 
materials would have been consumed, and anaerobic conditions would be present.  A thin layer 
of corrosion products – mostly iron oxides or hydroxides from aerobic corrosion of the steel 
vessel – would be sandwiched between the copper and steel of the defective container.  
Compared to the metals, the corrosion products would be more porous and less dense.  Gases 
would diffuse through them, and liquid water would be able to permeate them.  Porewater 
would move from the buffer through the defect in the copper shell, and it would come into 
contact with the outside surface of the inner steel vessel.  The copper itself would be chemically 
resistant under anaerobic conditions and would not be significantly affected by contact with the 
water.  In contrast, the steel vessel would undergo anaerobic corrosion as long as it was in 
contact with water (Smart et al. 2002, King and Stroes-Gascoyne 2000), though the corrosion 
rate would be slower than under oxygenated conditions.   

Where water is in contact with the steel, they would react to form an iron-bearing corrosion 
product.  In the absence of oxygen, the corrosion reaction would also generate hydrogen gas 
(Figure 12).  An amorphous or poorly crystalline solid would be likely to form first, which would 
gradually transform into a more crystalline phase.   
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The specific corrosion reaction to occur would depend on details of the repository environment, 
such as temperature, groundwater composition, and pH.  Over the range of expected porewater 
conditions (see Table 1), the stable corrosion product that would be most likely to form is 
magnetite (Smart et al. 2002, King and Stroes-Gascoyne 2000, Bond et al. 1997).  The reaction 
is: 
  3 Fe + 4H2O �  Fe3O4 (magnetite) + 4H2 (gas) 

Similar anaerobic reactions between steel and water can be written for other potential corrosion 
products, such as: 

  Fe + 2H2O + 2HS-  �  FeS2 (pyrite) + 2H2 (gas) + 2OH-, 
and 
  Fe + 2H2O +CO3

2- �  FeCO3  (siderite) + H2 (gas) + 2OH-,  

all of which result in the release of roughly comparable amounts of hydrogen gas.   
 
Initially, iron corrosion products would form only on the outside surface of the steel.  After water 
leaks into the interior of the steel vessel through the bolted lid region, anaerobic corrosion 
would also occur on the inside steel surfaces. 

Literature values for the anaerobic corrosion rate of steel vary over a wide range, between 0.1 
and 50 µm/year (Smart et al. 2002, King and Stroes-Gascoyne 2000).  The corrosion rate in a 
defective container likely would be at the lower end of the range, given that the water would be 
chemically buffered by clay and given that the water would be supplied at a limited rate to the 
steel.  Among other factors, the water ingress would be restricted by the low permeability of the  
 
 

 

 

 Figure 12:  Anaerobic corrosion of a metal in the presence of water.  In this example, 
water molecules react with the metal surface (M) to form metal oxide corrosion products and H2 
gas.  

M

H 
O 

H 
H 

O 
H 

H 
O 

H
H 

O 
H H 

O 
H 

M
Metal 

O 

M M 

H
O 

H H

M
O O

H H

O 
H

Approved for Issue - VERIFY STATUS PRIOR TO USE



 - 26 - 

clay around the container, by the small aperture of the defect in the copper shell, by slow  
passage through the porous corrosion products in the narrow copper-steel gap, and possibly by 
blockage of the opening by the build-up of a hydrogen gas backpressure from the corrosion 
reaction inside the container.  In an SKB defect model, for example, a reference steel corrosion 
rate of 0.1 µm/year was used (Bond et al. 1997).  At this corrosion rate, the corresponding H2 
production rate would be about 0.1 to 1 mol/year (equivalent to 0.05 to 0.5 Liters/year at 5 MPa) 
depending on what fraction of the inner vessel surface was corroding.  

3.3.2 Plastic Deformation and Rupture of the Copper Shell  

Iron corrosion products are less dense than the metal itself.  For example, the relative volume 
(expansion factor) of Fe3O4 /Fe is around 2.1, and other iron corrosion products have similar 
factors (Table 3).  As a result of the volume change, the formation of corrosion products in a 
confined space would exert a compressive stress on the adjacent solids.  These stresses would 
have little preliminary effect on the steel vessel, due to its thick walls (80 – 100 mm) and high 
mechanical strength.  However, the copper shell and the surrounding clay buffer would deform 
more easily.  For example, at 20oC the yield stress of copper is 63 MPa and its rupture stress is 
approximately 200 MPa (Saiedfar and Maak 2002), compared to a compressive strength in 
excess of 400 MPa for most iron oxides (Smyth et al. 2001).  The build-up of corrosion products 
would eventually cause the copper shell to bulge outwards in places, probably near the defect 
itself, where the water supply for corrosion would be greatest and the copper would be already 
weakened (Figure 13).   

Depending on whether the bulging occurs by creep deformation or plastic yielding, the copper 
shell would tear when its elongation exceeded about 10% or 40%, respectively (Werme 1998).  
If the steel corrodes at rates on the order of 0.1 µm/year, for example, creep is more likely to be 
the dominant process due to the relatively low temperature (< 1/3 melting temperature) and the 
implied low copper strain rate (about 10-12/s).   

 

 Table 3:  Volume Expansion by Oxide Formation 

 
Mineral 
Name 

Formula Specific Gravity  Expansion 
Factor 1 

Magnetite Fe3O4 5.18  2.1 

Pyrite FeS2 5.02  3.4 

Siderite FeCO3 3.96  4.3 

Hematite Fe2O3 5.26  2.2 

Goethite FeOOH 3.3 – 4.3  2.9 

 - FeO 5.87  1.8 

 - Fe(OH)2 3.4  3.7 

 1(Molar density of metallic iron) / (molar density of oxide, normalized to 1 mole of Fe) 
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 Figure 13:  Schematic view of possible damage by iron oxide expansion. 

 
 
 
For a 25-mm thick copper shell and a corrosion rate of 0.1 µm/year for the steel vessel, the iron 
corrosion product build-up would push out the copper shell and lead to localized rupture of the 
copper in approximately 20,000 years, depending in part on the volume expansion from steel to 
corrosion product and depending on the shape of the bulge.  If the steel corrodes at a rate of 
about 1 µm/year, the copper would rupture in a shorter time.  The main effect of this localized 
rupture would be to allow more water to enter the container, leading to more extensive 
corrosion and further rupture (Figure 14).   

In the above scenario, liquid water has continuous access to the steel in at least one location 
(at the defect site).  However, in other analyses of a defective container scenario, Bond et al. 
(1997) and Takase et al. (1999) have postulated that the iron corrosion reactions would 
produce hydrogen at a rate exceeding the ability of the gas to diffuse into the buffer.  In this 
model, enough hydrogen gas would accumulate in and around the container that the pressure 
build-up would block liquid water from moving into the container through the defect.  Then, only 
water vapour could diffuse through the opening to sustain the steel corrosion.  In these 
analyses, the “bubble” of hydrogen gas blanketing the steel vessel would slow the rate of steel 
corrosion and expansion of corrosion product, thereby delaying rupture of the copper shell for 
time scales of the order of 200,000 years.  The hydrogen blanketing scenario is plausible, but 
the long time delay requires that there be complete blanketing of the steel, which depends on 
the interrelation of geometry and process rates (e.g., corrosion, gas transport, mechanical 
effects) (SKI 2001).  

The bulging and rupture of the copper shell at the defect site would allow even more water to 
enter the container.  Eventually, water also would begin to seep between the steel vessel and 
the steel lid.  The growth of iron corrosion products in this location would tend to pry the lid 
away from the vessel, increasing the size of the opening through which water could gain access 
to the interior of the steel vessel and to the used-fuel bundles (Figure 14).   
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 Figure 14:  Schematic illustration of deformation and displacement by corrosion of 
the steel vessel (not to scale).  The expansive growth of an iron corrosion product near a 
small defect, where water has access to the container interior, is shown in (A).  The copper 
shell begins to deform outward, compressing the surrounding buffer material.  Continued 
growth of the corrosion product leads to further deformation of the copper shell (B).  In 
addition, the corrosion front moves along the seam between the steel vessel and steel lid, 
displacing the steel lid and triggering more container deformation.  Continued corrosion 
causes extensive deformation of the copper shell in the vicinity of the original defect, and may 
introduce new pockets of deformation.  The continued inward penetration of the corrosion 
front will cause a build-up of corrosion product in the interior of the steel vessel, eventually 
causing deformation of nearby fuel bundles (C). 
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3.3.3 Plastic Deformation of the Steel Vessel 

The container design for normal loading conditions (prior to glaciation) would have a significant 
margin of mechanical strength.  For example, the reference container design with about  
80 to 100 mm of steel can meet the reference maximum 15 MPa external pressure with a 
safety factor of about three.  At an anaerobic corrosion rate of 0.1 to 1 µm/year (including 
corrosion of inner as well as outer surfaces of the steel vessel), it would take 10,000 to 100,000 
years before even a 20-mm thickness of steel would be consumed.  Another factor to consider, 
however, is the additional stress from glacial loading conditions, which would be expected to 
occur in about 80,000 to 100,000 years.  At the full design-basis glaciation load, there may be 
little margin for thinning of the steel vessel walls.  If significant corrosion had occurred already, 
collapse of the steel vessel would be likely in response to the glacial loading stresses.  It is also 
plausible, however, that the glaciation load would be less than the design basis—for example, if 
the ice thickness is less than the design-basis maximum, or if the load transmitted to depth is 
less than the hydrostatic loading equivalent to the ice thickness, or if the container was full of 
water (which would provide hydrostatic balancing of the glacial load).  In such cases, the 
container would be more likely to tolerate further corrosion before plastic deformation and 
buckling.  Regardless of the specific timing and processes, however, the key point is that at 
some point the steel vessel in a defective container would become sufficiently weakened by 
corrosion that it would cease to be load-bearing, and it would collapse by buckling inwards. 

The stresses causing the steel vessel to collapse would produce a corresponding deformation 
of the copper shell around it.  During this movement, the strain limit for copper would be 
exceeded in portions of the copper shell, and the copper would crack, but in a general sense 
the copper metal would continue to conform to the shape of the steel vessel.  Similarly, as the 
copper and steel compressed inwards, the surrounding buffer would expand around the new 
configuration of deformed metal.   

Even after the defective container collapsed, the overall change in its volume would not be 
substantial compared to the volume that was originally occupied by the container.  Initially (at 
the time of emplacement), the open or void space in a container, into which the collapse would 
occur, would be roughly 0.5 to 1 m3, which at most is 10 to 20% of the container’s total volume.  
Moreover, it is likely that much of this initially open volume would have become filled with iron 
corrosion products, further restricting the amount of collapse.   

After the defective container buckled and the buffer around it expanded to conform to the 
change in shape, the copper shell would remain essentially unchanged in appearance for the 
remainder of the million-year timeframe.  Complete corrosion of the copper is estimated to take 
several million years or longer (Vieno et al. 1992, Werme et al. 1992), as indicated by sheets of 
natural copper that have persisted in sedimentary rocks for more than a hundred million years 
(Milodowski et al. 2000.)  In contrast to the copper, anaerobic corrosion of the steel vessel 
would continue in situ until all of the steel was consumed. 
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3.3.4 Corrosion and Deformation of Zircaloy Cladding 

During emplacement of the containers and for a time afterwards, the used-fuel bundles would 
remain in an atmosphere of inert gas, even in a container with a defective copper shell, due to 
the seal provided by the bolted-on steel lid and its gasket (Figure 11).  By the time the gasket 
ceased to make a tight seal, the air leaking into the steel vessel would consist mostly of N2 (little 
or no O2), which would be relatively inert.  Nonetheless, some O2 and other oxidizing agents 
such as H2O2  would be produced inside the vessel due to radiolysis of water vapour and liquid 
water.   

The first barrier against radionuclide release from used-fuel bundles upon exposure to water 
would be the intact Zircaloy fuel sheath (cladding).  At the time of emplacement in a repository, 
virtually all of the used-fuel elements would have intact Zircaloy cladding.  A few of the cladding 
sheaths would have become defective during their use in a reactor (estimates of this number 
range from approximately 1 per 10,000 to 1 per 100,000 fuel elements; Maak et al. 2001, 
Johnson et al. 1996).  Some others likely would have developed defects during post-reactor 
storage, during transportation, or during packaging into containers.  However, the vast majority 
of the fuel elements would still have intact cladding.  In a defective container, one of the most 
significant changes in the used-fuel bundles over time would be mechanical failure of the 
cladding, mainly in association with corrosion of the steel vessel.  In addition, the cladding 
would be subjected to hydrogen embrittlement, corrosion, and creep, as described below.   

Over time, hydrogen gas would be produced inside a defective container by two separate 
processes—the anaerobic corrosion of steel and the radiolysis of water.  Hydrogen-induced 
cracking is a potential failure mechanism for Zircaloy cladding, but insufficient information is 
available to predict the rate of failure at low temperatures and high H2 gas pressures.  Studies 
of the durability of used-fuel bundles in existing dry or moist air storage facilities have found no 
evidence of cladding failures over several decades (e.g., Wasywich et al. 1995).  Given that 
significant partial pressures of hydrogen gas would not develop in a container until saturation of 
the repository had occurred, lifetimes on the order of at least a hundred years would be feasible 
for Zircaloy cladding in a defective container, with a reasonable expectation that cladding 
lifetimes could exceed thousands of years (Johnson et al. 1996).   

On observable timescales, the uniform corrosion of Zircaloy cladding is negligible, even in 
contact with water, due largely to the corrosion resistance of a passive oxide film on the 
Zircaloy surface (Ikeda 2002).  In a defective container, pitting and crevice corrosion of cladding 
would be inhibited by the rapid consumption of oxidizing agents (residual oxygen and radiolysis 
products) by the iron and copper container materials.  In addition, iodine-induced stress 
corrosion cracking would be inhibited because most of the iodine in the fuel gap in CANDU fuel 
exists as cesium iodide, preventing it from forming the zirconium iodides that are thought to be 
the chemical precursors to stress corrosion cracking in Zircaloy (OPG 2002, Ikeda 2002).    

Within sealed (intact) fuel elements, the gradual but steady increase in gas pressure from the 
formation of helium by alpha decay would contribute to cladding tensile stresses, with the 
potential to cause creep rupture or delayed hydride cracking of the cladding (Cann and Tait 
2002).  It is projected that the rupture strength of cladding in an intact container would not be 
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exceeded by this process in less than a million years (McMurry et al. 2003).  Long before this 
process was important in a defective container, external mechanical stresses caused by 
expansive growth of iron corrosion products or by collapse of the steel inner vessel would be 
likely to cause rupture of the cladding. 

The growth of iron corrosion products inside the steel vessel would develop preferentially where 
water is in contact with steel, either along the vessel walls or in the steel baskets that hold the 
used-fuel bundles.  As indicated by Table 3, the volume increase associated with these 
products is considerable, and their growth would place high stresses on adjacent bundles, 
promoting deformation of the cladding (Figure 14).   

Ultimately, any used-fuel bundles that otherwise remained unruptured would be likely to fail 
during the corrosion-induced collapse of the steel vessel.  As discussed previously, the timing 
of this event is uncertain, but a reasonable estimate would be within 10,000 to 100,000 years 
after emplacement.  With the load-bearing capability of the steel vessel removed, the full 
hydrostatic plus swelling pressure (10 to 15 MPa) would be applied directly to the fuel bundles, 
which would be unable to support the high stresses.  After the cladding is breached, the used 
fuel pellets in the damaged fuel elements would be exposed to water almost immediately. 

3.3.5   Dissolution of the Used Fuel Matrix 
 
After the cladding was breached and the fuel pellets were exposed to water, the next barrier 
against radionuclide release from used-fuel bundles would be the UO2  fuel matrix, which 
contains most of the radionuclides and has a very low solubility.  Dissolution of the UO2 matrix 
of the used fuel would progress according to two general methods, an electrochemical process 
and a chemical process.  Radiolysis of water in contact with the fuel pellets would produce 
oxidizing conditions at or near the used-fuel surface, contributing initially to electrochemical 
dissolution of the UO2.  To the extent that water is able to contact the fuel while radiation fields 
are high, this process would tend to promote the dissolution of the used fuel at a higher rate 
than would be expected solely on the basis of the chemical solubility of UO2 in the near-field 
porewater.  The production rate of oxidants by radiolysis would decrease with time as the 
strength of the radiation field decreases. 

At the fuel-water interface, dose rates from alpha and beta emissions exceed those from 
gamma emissions for most of the fuel history (Figure 15) and are the main contributors to 
radiolysis, producing molecular oxidants such as O2 and H2O2.  Other potential sources of 
oxidants, such as any O2 trapped inside the container when it was sealed, would already have 
been consumed by Fe and Cu corrosion processes before the fuel cladding was breached 
because these corrosion reactions are about 10,000 times faster than the reaction with UO2 
(Johnson et al. 1996).  In principle, the radiolytically produced oxidants also would be 
consumed preferentially by reaction with container materials rather than by reaction with used 
fuel.  However, for alpha and beta radiolysis, the oxidants would only be produced locally, 
mostly within 20 µm of the fuel-water interface (Garisto 1989), and they would have difficulty 
diffusing through openings in the cladding in order to react with container materials.  For alpha-
driven radiolysis, the availability of the oxidants to cause dissolution at the fuel surface also 
would depend on the balance between access to the fuel surface (which would become 
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covered with corrosion product) and access to the external oxidant sinks such as iron container 
material. 

The electrochemical dissolution process occurs when the redox conditions at or near the fuel 
surface inside a failed container are oxidizing, and the fuel oxidation has proceeded beyond the 
U4O9/U3O7 boundary (Shoesmith and Sunder 1991).  In that case, the driving force for fuel 
dissolution is the potential difference across the dissolving solid-solution interface, as illustrated 
in Figure 16 (Johnson et al. 1996).  The dissolution reaction under these conditions is a coupled 
process involving the oxidative dissolution of the UO2,  

  UO2   �   UO2
2+ + 2e-    

and by the reduction of the available oxidant, 

  Oxidant  +  2e-  �  Reductant.    

Depending on the relative kinetics of these two reactions, the dissolving surface will adopt a 
potential, known as the corrosion potential (Ecorr), that is a value between the electrochemical 
equilibrium values for the two reactions.  Under these conditions, dissolution would occur with 
both reactions away from equilibrium, and the surface can be said to be undergoing corrosion.  
As these reactions progress and the fuel ages, the potential difference driving the corrosion will 
decrease and eventually disappear.  After the potential difference reaches zero, a solubility-
based, transport-limited dissolution model would be more representative of the rate-limiting 
process that would occur.   

 Figure 15:  Example comparison of the contributions of alpha, beta, and gamma 
emissions to the dose rate at the fuel surface. 
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  Figure 16:  Relationship between potentials when the surface of the used fuel is not 
in equilibrium with its environment and an electrochemical driving force for corrosion 
exists  (after Johnson et al. 1996). 

 
 

This evolution of the dissolution process and its transition from an electrochemical corrosion 
mechanism to a chemical dissolution mechanism is illustrated schematically in Figure 17 
(Johnson et al. 1996).  The overall fuel reaction is appropriately considered as a corrosion 
reaction when Eh > Ecorr, but as a chemical dissolution reaction when Eh ∼  Ecorr.  

Chemical dissolution proceeds according to the reaction: 

  UO2 + 2H2O �  U(OH)4                                

In contrast to the electrochemical process, the chemical dissolution process is solubility-limited 
(Johnson et al. 1994).  The conditions that control the solubility of the UO2 are specific to the 
local water chemistry.  If the concentration of dissolved uranium reaches a level at which the 
solution is saturated with respect to UO2, the dissolution of the UO2 matrix will stop until the 
uranium concentration decreases below the solubility limit again.  Consequently, the fuel 
dissolution rate depends on the rate of transport of dissolved uranium away from the fuel 
surface.  As the dissolved uranium diffuses away from the used fuel, more dissolution of the 
UO2 matrix occurs.  

Over time, it is also likely that the UO2 dissolution rate would be affected, to some extent, by the 
build-up of hydrogen gas inside the steel vessel.  In used-fuel dissolution experiments it has 
been observed that the dissolution rate of redox-sensitive elements dropped by several orders 
of magnitude in the presence of high pressures of hydrogen gas (e.g., 5 MPa).  Causes are still 
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being investigated, but studies point to the possible effects of H2 on radical recombination 
(Spahiu and Sellin 2001, Spahiu et al. 2000, Rollin et al. 2001).  Recombined radicals cannot 
act as oxidants on the fuel, and hence the dissolution rate decreases. 

In addition to the oxidants produced inside the container by radiolysis of water, U(VI) would be 
released as an oxidant by dissolution of the used fuel.  Johnson and Smith (2000) modelled and 
contrasted Fe corrosion rates and U(VI) production rates in massive steel containers and in 
copper containers with steel inserts.  They concluded that if the oxidants were not scavenged 
by reductants such as Fe and H2 in the container interior, a redox front could migrate into the 
surrounding buffer from the breached container.  If extensive, this process would have 
implications for the transport behaviour (solubilities and sorption properties) of certain redox-
sensitive radionuclides in the near-field.  However, they also noted that this effect would be 
mitigated by the use of a copper shell, for it would tend to impede the diffusion of U(VI) and 
other oxidants out of the container, providing more opportunity for reaction with reductants in 
the container interior. 

 

 

 Figure 17:  Schematic illustration of the transition from an electrochemical corrosion 
process to a transport-limited dissolution process for used fuel.  (after Johnson et al. 
1996). 
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3.3.6   Radionuclide Release from the Fuel Pellets 
 
Extensive studies of the interactions between used fuel and groundwater have established that 
radionuclide release from the used fuel occurs by two main processes.  Initially, there would be 
a comparatively rapid release of a small fraction (typically a few percent) of the inventory of a 
selected group of radionuclides, that are either very soluble (such as 137Cs, 129I, 14C and 36Cl) or 
gaseous (such as Xe), and that are residing in the fuel sheath gap or at grain boundaries which 
are quickly accessed by water (Johnson et al. 1994, 1995).  This release process is referred to 
as “instant-release”.  The second and slower release process comprises release of 
radionuclides from the UO2 fuel matrix as the matrix itself corrodes or dissolves (called 
"congruent dissolution", Johnson et al. 1994).   

The instant-release fractions for various important radionuclides in used CANDU fuel are given 
in Table 4.  Note that the use of the term “instant release” with reference to the gap and grain 
boundary inventories is a simplification.  In reality, it would take a finite time for water to 
penetrate into the grain boundaries and for the radionuclides located there to diffuse out.  
However, compared to the much longer time required for dissolution of the UO2 matrix itself, 
grain boundary releases are so much faster that they can be considered “instantaneous”.  
Therefore, in conceptual models of radionuclide release, both locations—the gap and grain 
boundary inventories—are considered to contribute to the instant-release fraction. 

 

 

 Table 4:  Typical Instant-release Fractions for Selected Radionuclides in Used CANDU 
Fuels (Garisto 2002)   

Radionuclide Instant-Release Fraction 
(% of Inventory)  

Cs 8 

I 8 

C 3 

Cl 8 

Sr 3 

Tc 1 

Kr 8 

Xe 8 

Actinides (Pu, Am, etc.) 0 
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The instant release fractions for some radionuclides can be estimated from fuel power histories 
using analogy with volatile radionuclides, but for others only conservative assumptions can be 
made (Garisto 2002).  Over long timescales, athermal diffusion of radionuclides induced by 
alpha-particle recoil displacements in the UO2 lattice may lead to a slow increase of the gap and 
grain-boundary inventories.  Ferry et al. (2003) have conservatively estimated the potential 
effect of alpha self-irradiation-enhanced diffusion in Light Water Reactor fuels and found, for 
example, that an instant-releasable fraction of 11% at discharge might increase to 17% after 
100,000 years.  The effect is likely to be smaller in CANDU fuels because of their lower burnup 
and higher in-reactor temperature. 

In addition to the bulk of the radionuclides in the used-fuel pellets, there would be a small 
quantity of radionuclides present in the irradiated Zircaloy cladding from neutron activation.  
These radionuclides, representing about 10% of the total inventory in the wasteform, would be 
distributed uniformly through the cladding and would only be released as the cladding itself 
dissolves.  Zircaloy is corrosion-resistant in water, however, due to the stability of its oxide 
coating.  The strong adherence of the ZrO2 corrosion layer to the metal surface suggests that 
radionuclides would be incorporated into the ZrO2 and would only be released to solution when 
the oxide itself dissolves.  Given the low solubility of ZrO2, the rate of dissolution of the oxide 
and hence, release rate of the nuclides, would be determined  by the rate of diffusion of Zr 
away from the cladding (Johnson et al. 1996). 

3.3.7   Fate of Released Radionuclides 
 
As radionuclides are released to solution, some would become oversaturated with respect to 
the contacting solution, and secondary radionuclide-bearing phases would precipitate (e.g., 
ThO2) on the fuel surface or on other surfaces nearby, such as provided by the metal corrosion 
products.  Although the used fuel contains small amounts of fissile nuclides, the dissolution and 
reprecipitation of these into a "critical mass" is very unlikely.  Besides the low overall amount of 
such nuclides in a container, it is expected that their concentration in a precipitate would be 
diluted by the co-precipitation of non-fissile isotopes and other elements.  Precipitation of a 
large mass of fissile nuclides also would be hindered by the intergrowth of such precipitates 
with iron corrosion products or buffer clays.   

The radionuclides that remained in solution as aqueous species, and solids suspended in 
colloidal form, would diffuse through the various metal corrosion products inside the container.  
The corrosion products would also provide a surface for sorption of many of the radionuclides.  
In some cases the sorption would be irreversible because the radionuclides would be 
incorporated into the crystal lattice of the corrosion product if it undergoes a transformation to a 
more stable solid phase.   

Dissolved radionuclides would diffuse by a tortuous path through what was left of the steel 
container, through the cracks in the copper shell, through the low-permeability sealing 
materials, and finally through the rock around the repository.  Migration of radionuclides away 
from the repository and their transport rate through the geosphere as a whole would be 
controlled by the local hydrogeological conditions. 
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3.3.8 Changes in the Sealing Materials 

Compared with a scenario in which all containers remain intact (McMurry et al. 2003), the main 
differences in the evolution of sealing materials for the Defective Container Scenario involve 
changes resulting from exposure of the sealing material to the corrosion products from the 
defective container.  The dominant products are expected to be hydrogen gas, dissolved iron 
species, dissolved uranium species, and the released radionuclides. 

The production of hydrogen gas from corrosion of the steel (and to a lesser extent from 
radiolysis of the water) would be about 1 mol/year at an average steel corrosion rate of  
about 0.1 µm/year, for example.  Some of this gas would dissolve into the porewaters of the 
sealing materials and would diffuse away from the repository.  If the H2 production rate exceeds 
this removal rate, however, it is likely that a gaseous hydrogen bubble would form in the sealing 
materials around the defective container.  The mechanism for gas transfer through saturated 
buffer materials is an ongoing subject of study, but models of gas migration through clay 
suggest that at pressures exceeding a critical pressure related to the clay swelling pressure 
(e.g., 2 to 5 MPa), the bubble of gas would push through the clay sealing materials (Pusch 
2001, Rodwell et al. 1999).  Experimental studies indicate that the bentonite would re-seal after 
the gas pressure drops (Harrington and Horseman 2003).  At the rock interface, the gas would 
accumulate in pockets until either it developed sufficient pressure to enter fractures in the rock 
or it dissolved and diffused away.   

Dissolved H2 would be unreactive with minerals in the sealing materials or geosphere, although 
it serves as an energy source for some microbes (Pedersen 2000).  Its transport behaviour 
would be similar to that of other dissolved gases that occur naturally in deep groundwater, such 
as radon and helium.  

Water that has reacted with the steel vessel would have a modified composition, and 
subsequent interactions between this water and the buffer would lead to localized mineralogical 
changes in the sealing materials.  After thousands of years, there would likely be a halo of 
somewhat altered clay in the immediate vicinity of the container.  For example, dissolved iron 
(Fe2+) from the steel vessel would undergo ion exchange with other cations in the 
montmorillonite.  In some cases, changes in porewater composition in the container interior 
would result in the precipitation of various salts and ferrous aluminosilicate minerals in and near 
the container (Arthur and Zhou 2000).  These effects likely would be localized, however, as a 
result of the highly compacted nature of the bentonite and the relatively small amount of 
modified water that was involved.   

After a defective container had lost its mechanical integrity and radionuclides had migrated from 
the wasteform, some radionuclides would be absorbed onto the clay.  In this manner, the clay 
particles would be exposed to alpha radiation that potentially could affect the crystal lattice and 
convert the montmorillonite to an amorphous material.  According to investigations by Pusch 
(2001), however, the amount of exposure required to produce such an effect is considerable 
(~5 x 1018 alphas per gram of clay).  The actual dose received would depend on the long-term 
concentration of alpha emitters in the clay and is unlikely to be sufficient except perhaps in 
localized regions, with no net effect on the physical properties of the buffer. 
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4. CONCLUSIONS 
 
If a repository containing a defective container could be examined in cross-section at the end of 
a million-year timeframe, what would its components look like?  The main differences between 
the Defective Container Scenario and the Base Scenario would be that in the former case, 
corrosion processes have a serious impact on container integrity, and container failure initiates 
the release of radionuclides from the wasteform into the rest of the system.  Compared to an 
intact container at the end of a million years, a defective container would have an irregular, 
buckled shape.  Its outer surface would still be a copper shell, which would be crusted and 
pitted with corrosion products but otherwise visibly metallic.  In contrast, all of the steel in the 
inner vessel would be completely corroded, and the copper shell would be compressed around 
a large, bulging accumulation of secondary iron minerals.   

Within the massive deposit of iron corrosion products, the fuel bundles would still be discernible 
as partly-dissolved UO2 fuel fragments in close association with zirconium oxide, the corrosion 
product of the Zircaloy cladding.  Minor amounts of secondary uranium minerals and other 
radionuclide-bearing precipitates would be intergrown with the other solids in the container 
interior.  Adjacent to the failed container, a zone of buffer would appear somewhat different 
than the buffer around an intact container in the same repository.  It would contain some 
secondary precipitates, including salts and Fe-bearing minerals, which would not be present 
around an intact container.  Some Fe, as well as some uranium and other radionuclides, would 
be sorbed onto the clay surfaces.   

One notable distinction between the Base Scenario and the Defective Container Scenario over 
very long timeframes is how repeated cycles of glaciation (Figure 4) would affect the transport 
of radionuclides through the geosphere.  This was not a factor in the Base Scenario because 
there was no release of radionuclides from the containers.  In that case, the main features of 
interest in a repository beyond the first 100,000 years were a continuing decrease in 
radioactivity of the wasteform and the periodic variation in stresses on the containers that would 
be provided by multiple cycles of glacial loading and unloading.   

In the Defective Container Scenario, the mechanical stresses of multiple glacial cycles are less 
significant than the hydrogeological effects.  Defective containers likely would have buckled 
either before or during the first glaciation, so subsequent glaciations would have no further 
effect on them structurally.  Instead, our attention would be drawn to the glaciation-driven 
movement of radionuclides in the geosphere, particularly during the later cycles in the million-
year timeframe after some of the radionuclides had migrated from the repository to shallower 
portions of the flow system.  In these cases, the decreased hydraulic gradient associated with 
permafrost and with accumulation of an ice sheet in each glacial cycle would tend to slow 
groundwater movement, potentially allowing radionuclide concentrations to increase in the 
groundwater.  During the glacial melting phases, in contrast, an increase in the volume of water 
moving through the advective portion of a flow system would tend to dilute the concentration of 
radionuclides in that region, compared to a system that was unaffected by glaciation. 

Even after the fuel bundles were breached, loss of containment would be mitigated by a 
strongly reducing geochemical environment, which would be promoted by the location of a 
repository at depth and which would be further enhanced by reactions with the steel vessel.  
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These conditions would tend to slow the dissolution of the used fuel wasteform and would 
continue to maintain the chemical integrity of the copper shell.   

The dissolution-driven release of radionuclides from the used fuel would be accompanied by 
the slow migration of radionuclides through an iron-rich intergrowth of corrosion products inside 
the remnants of the defective container—a pathway which would favour sorption of many 
radionuclides—and migration via a tortuous route through the narrow apertures and cracks of 
the mostly-intact copper shell.  Finally, the material inside the defective container would consist 
of remnants of used-fuel pellets intergrown with zirconium oxides in a matrix of chemically 
stable, porous, iron-bearing corrosion product, such as magnetite, that would be surrounded in 
turn by a thin shell of mostly intact copper.  As indicated by natural analogue studies of thin 
sheets of natural copper that have persisted in metallic form in clay sedimentary rocks for at 
least 176 million years (Milodowski et al. 2000), these conditions likely would persist relatively 
unchanged far beyond the million-year timeframe of this report.  
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