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ABSTRACT

A study has been undertaken to evaluate the design and long-term performance of a nuclear fuel waste
disposal vault based on a concept of in-room emplacement of copper containers at a depth of 500 m in
plutonic rock in the Canadian Shield. The containers, each with 72 used CANDU® fuel bundles, would be
surrounded by clay-based buffer and backfill materials in an array of parallel rooms, with the excavation
boundary assumed to have an excavation-disturbed zone (EDZ) with a higher permeability than the
surrounding rock. In the anoxic conditions of deep rock of the Canadian Shield, the copper containers are
expected to survive for >106 a. Thus container manufacturing defects, which are assumed to affect
approximately 1 in 5000 containers, would be the only potential source of radionuclide release in the vault.

The vault model is a computer code that simulates the release of radionuclides that would occur upon
contact of the used fuel with groundwater, the diffusive transport of these radionuclides through the defect
in the container shell and the surrounding buffer, and their dispersive and convective transport through the
backfill and EDZ into the surrounding rock. The vault model uses a computationally efficient boundary
integral model (BEM) that simulates radionuclide mass transport in the engineered barrier system as a point
source (representing the defective container) that releases radionuclides into concentric cylinders, that
represent the buffer, backfill and EDZ. A 3-dimensional finite-element model is used to verify the accuracy
oftheBIM.

The vault model uses distributed or probabilistic parameter values to account for both uncertainty and
variability. In describing the model, particular emphasis is placed on the mechanistic understanding of the
processes leading to radionuclide release, explaining the basis for the selection of parameter values used in
the model, and justifying the exclusion of certain processes from the model.



The results obtained in the present study indicate the effectiveness of a design using in-room emplacement
of long-lived copper containers in providing a safe disposal system even under permeable geosphere
conditions.
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RÉSUMÉ

On a réalisé une étude pour évaluer la conception et les performances à long terme d'une installation de
stockage permanent des déchets de combustible nucléaire, fondée sur un concept de mise en place en
chambres des déchets renfermés dans des conteneurs en cuivre, à une profondeur de 500 m dans la roche
plutonique du Bouclier canadien. Les conteneurs, chacun ayant 72 grappes de combustible CANDU®
irradié, seraient entourés par un matériau tampon à base d'argile et des matériaux de remblai, dans des
chambres en parallèle; on a aussi supposé que la limite d'excavation aurait une zone perturbée par
l'excavation d'une plus grande perméabilité que la roche environnante. En raison des conditions anoxiques
qu'on trouve à grande profondeur dans le Bouclier canadien, les conteneurs en cuivre devraient résister
pendant >106 a. Par conséquent, les défauts de fabrication des conteneurs, que l'on prévoit être d'environ 1
sur 5 000 conteneurs, constitueraient la seule source éventuelle de libération des radionucléides dans
l'enceinte.

Le modèle d'installation de stockage est un code de calcul qui simule la libération de radionucléides qui se
produirait au contact du combustible irradié avec les eaux souterraines, le processus de diffusion par lequel
ces radionucléides quitteraient le conteneur (par suite du défaut du conteneur) et traverseraient le matériau
tampon entourant le conteneur, de même que le processus de diffusion par dispersion et convection dans le
remblai et la zone perturbée par l'excavation dans la roche environnante. Le modèle d'installation de
stockage fait appel à un modèle des équations intégrales aux frontières efficace au point de vue du calcul,
qui simule le transport de masse des radionucléides dans le système de barrières ouvragées comme étant
une source ponctuelle (représentant le conteneur défectueux) de libération des radionucléides dans des
cylindres concentriques représentant le matériau tampon, le remblai et la zone perturbée par l'excavation.
On utilise un modèle par éléments finis tridimensionnel pour vérifier l'exactitude du modèle des équations
intégrales aux frontières.



Le modele d' installation souterraine utilise des valeurs parametriques reparties ou probabilistes pour tenir
compte de 1'incertitude et de la variability. Pour la description du modele, on a mis 1'accent sur la
comprehension mecaniste des processus menant a la liberation des radionucleides, expliquant la raison du
choix des valeurs parametriques utilisees et justifiant 1'exclusion de certains processus du modele.

Les resultats obtenus dans le cadre de la pr£sente etude demontrent l'efficacite de la mise en place en
chambres des conteneurs en cuivre de longue duree de vie renfermant les dechets pour 1'implantation d'un
systeme de stockage permanent siir, meme dans des conditions de grande permeabilite de la geosphere.

CANDU® est une marque deposee d'Energie atomique du Canada limitee (AECL).

Energie Atomique du Canada Limitee
Laboratoires de Whiteshell
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PREFACE

The concept for disposal of Canada's nuclear fuel waste involves isolating the waste in corrosion-resistant
containers emplaced and sealed within a vault at a depth of 500 to 1000 m in plutonic rock of the Canadian
Shield. The technical feasibility and social aspects of the concept, and its impact on the environment and
human health, are presented in an Environmental Impact Statement (EIS) (AECL 1994a), a summary of the
EIS (AECL 1994b) and a set of nine primary references (Davis et al. 1993; Davison et al. 1994a,b; Goodwin
et al. 1994; Greber et al. 1994; Grondin et al. 1994; Johnson et al. 1994a,b; Simmons and Baumgartner 1994).

The disposal concept permits a choice of methods, materials, site locations and designs (AECL 1994a,b;
Johnson et al. 1994a; Simmons and Baumgartner 1994). This preface puts into perspective the following
three studies which illustrate the long-term safety of different implementations of the concept:

• the postclosure assessment case study of a reference disposal system presented in the EIS (AECL
1994a,b; Goodwin et al. 1994);

• a study to illustrate how to identify a favourable vault location that would ensure long
groundwater travel times from the vault to the accessible environment (Stevenson et al. 1995,
1996; Ophori et al. 1995,1996); and

• the present study that illustrates (i) the flexibility for designing engineered barriers to
accommodate a permeable host-rock condition in which advection is the rate-determining
contaminant transport process (Baumgartner et al. 1996), and (ii) the flexibility of the modelling
methodology to simulate the long-term performance of different design options and site
characteristics (Goodwin et al. 1996a, Johnson et al. 1996, Stanchell et al. 1996, Wikjord et al.
1996, Zach et al. 1996).

THE POSTCLOSURE ASSESSMENT CASE STUDY PRESENTED IN THE EIS

The EIS (AECL 1994a,b) and four of the primary references (Davis et al. 1993, Davison et al. 1994b,
Goodwin et al. 1994 and Johnson et al. 1994b) describe a case study of the long-term (i.e., postclosure)
performance of a hypothetical implementation of the concept, referred to as the reference disposal system.

The reference system illustrates what a disposal system, including the vault, geosphere and biosphere, might
be like. Although it is hypothetical, it is based on information derived from extensive laboratory, field and
engineering investigations. Many of the assumptions made about the long-term performance of the reference
system are conservative; that is, they would tend to overestimate adverse effects. The technology specified is
either available or judged to be readily achievable. The reference disposal system includes one possible
choice among the options for such things as the waste form, the disposal container, the buffer and backfill, the
shaft seals and bulkheads, the location and depth of the vault, and the orientation and layout of the vault with
respect to the geological features of the site. The components and designs chosen for the engineered barriers
and the site conditions represented in the reference system are not being recommended, but rather, they
illustrate a technically feasible way of implementing the disposal concept. In an actual implementation of the
concept, the engineered system would be adapted to the lithostructural, hydrogeological, geochemical,
geothermal, geomechanical, and geomicrobiological conditions of the host rock formation, and the expected
evolution of those conditions over thousands of years.
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The reference vault (Johnson et al. 1994b) of the EIS postclosure assessment case study includes used-fuel
bundles from CANDU® reactors, encapsulated in thin-walled Grade-2 titanium alloy containers packed with
particulate for mechanical support, emplaced in boreholes in the floor of rooms, and surrounded by a sand-
bentonite mixture. The rooms are filled with a lower backfill of crushed granite and lake clay and an upper
backfill of sand and bentonite, and the entrances are sealed with concrete bulkheads. The plan area and the
design capacity of the vault were initially set at 4.0 km2 and 10.1 million fuel bundles (191 000 Mg U)
respectively. The fuel inventory is roughly equivalent to the waste that would accrue in 100 a at the current
production rates in Canada. The plan area was subsequently reduced to 3.2 km2 and the inventory to 8.5
million bundles (162 000 Mg U), as a result of design constraints to ensure a large margin of safety in the case
study. The borehole-emplacement geometry was modelled as layered planar elements (slabs) representing the
waste form, buffer, backfill and host rock.

The reference geosphere (Davison et al. 1994b) consists of the host rock formation, its groundwater flow
system, the materials used to seal the shafts and exploration boreholes, and a water well. The geological
characteristics of the reference geosphere are derived from data from AECL's Whiteshell Research Area
(WRA), located near Lac du Bonnet, Manitoba. This area includes a substantive portion of the Lac du Bonnet
Batholith, a large granitic rock body several kilometres deep with an exposed surface measuring over 60 km
long and 20 km across at its widest part. The granitic body was intruded over 2.5 billion years ago into the
rocks existing at the time. The batholith, the surrounding rocks, and the interfaces between them have been
the subject of field investigations for more than 15 a. Most of the information about the rock mass, such as
the location and orientation of fractures and fracture zones, is based on field studies of the WRA, including
detailed investigations that were conducted to locate and construct an Underground Research Laboratory
(URL) to a depth of 440 m. For geological structures outside the areas where detailed borehole information
was available, inferences have been made on the basis of nearby boreholes; geological mapping; and satellite,
airborne and ground-based geophysical surveys. The hypothetical vault for the reference system was located
at a depth of 500 m within the rock mass investigated at the URL to ensure that the maximum amount of
available subsurface data was used to construct the geosphere model.

In the postclosure assessment of the reference system, we assumed that a large, low-dipping, fracture zone —
designated LD1 — was located close to the vault horizon. Although field evidence from the URL revealed
that this fracture zone did not extend beyond a depth of about 400 m, we conservatively assumed that it
continued to much greater depths and connected with other vertical fracture zones. In this situation, LD1
became a pathway for rapid groundwater flow from the depth of the hypothetical vault to the accessible
environment. We constrained all waste disposal rooms to be located beneath LD1 (i.e., to the footwall side of
the fracture) and imposed a waste exclusion distance of 50 m within the low-permeability, sparsely fractured
rock domain between this fracture zone and the nearest waste disposal room of the vault. To accommodate
the waste exclusion distance, we chose to restrict the waste capacity of the vault relative to the capacity
specified in a conceptual engineering study (Simmons and Baumgartner 1994). These design constraints,
together with the hydrogeological properties of the rock beneath LD1, ensured that (i) contaminants passed
through the backfill, a large reservoir which reacts strongly with most of the contaminants, and (ii) diffusion
was the dominant transport process from the waste disposal rooms through the lower rock domain to the
fracture zone.

The reference biosphere (Davis et al. 1993) consists of the surface and near-surface environment, including
the water, soil, air, people, and other organisms, as encountered on the Canadian Shield as a whole. However,
the parts of the biosphere that interface with the geosphere are specific to the WRA. In all other respects, the
biosphere is assumed to be typical of the Canadian Shield, consisting of rocky outcrops; bottom lands with
pockets of soil, bogs, and lakes; and uplands with meadows, bush, and forests. No major changes in the
topography of the region are likely to occur during the 10 000 a following closure of a disposal facility.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL)
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Changes in climate, surface water flow patterns, soils, and vegetation types are expected to be within the
range of variation currently observed across the Shield; such variations are included in the distributions of
values of model parameters specified for the EIS case study.

The long-term safety analyses of this system of engineered and geological barriers indicated that the
maximum estimated mean dose rate to an individual in the critical group during the first 10 000 a is about
100 million times smaller than dose rate from natural background radiation. The corresponding risk is about a
million times smaller than the radiological risk criterion specified by the Atomic Energy Control Board in
Regulatory Document R-104 (AECB 1987).

A STUDY TO IDENTIFY A FAVOURABLE VAULT LOCATION

In an actual implementation, it would be advantageous to locate the disposal vault in a hydraulically
favourable setting within the large-scale groundwater flow system of a siting area. Recently, we completed a
separate study to illustrate how such a location could be found within the WRA. The conceptual
hydrogeological model of the WRA was revised using information from a program of regional geologic
mapping, geophysical surveys and borehole drilling and testing (Stevenson et al. 1995, 1996). Large-scale
groundwater flow modelling was then performed using a three-dimensional, finite-element hydrogeological
code; and groundwater travel times, flow pathways and discharge locations were determined with a particle
tracking code (Ophori et al. 1995, 1996).

This study has indicated that diffusion is the rate-determining transport process and diffusive transport times
greater than 105 a could likely be achieved by selecting a vault location at 750 m depth about 5 km northeast
of the URL. Advective travel times are about two orders of magnitude longer than the diffusive transport
time. Since the groundwater flow and particle-tracking analyses indicated that such a favourable location
would likely ensure a margin of safety even greater than that calculated for the EIS case study, a full systems
analysis was not carried out. Instead, we directed our efforts to the present study in which we evaluate the
long-term effects of a hypothetical geological setting with a permeable host-rock condition.

THE PRESENT STUDY

A wide range of design options is possible within the general definition of the disposal concept
(AECL 1994a,b; Johnson et al. 1994a; Simmons and Baumgartner 1994). In the present study, we illustrate
the potential of designing the engineered barriers and the vault to increase the robustness of the long-term
safety case, or to compensate for hydrogeological conditions that could result in a less effective geosphere
barrier than the one we specified for the EIS case study. In addition, we illustrate the flexibility of the
modelling approach to integrate new features, processes and data representing different design options and
site characteristics into a full systems assessment. To achieve these ends, we have undertaken an analysis of
the feasibility and safety of emplacing long-lasting copper containers within vault rooms (as opposed to
deposition in boreholes in the floor of rooms) in a hypothetical volume of permeable plutonic rock where
advective travel times from the vault to the biosphere are very short relative to those in the EIS case study.
Although we have not encountered such conditions at disposal-vault depths in our investigations at various
research areas on the Shield, performance assessments done for the Swedish and Finnish nuclear waste
disposal programs have considered these conditions in the crystalline rocks of the Fennoscandian Shield. We
are not suggesting that such rock conditions might constitute favourable, desirable, or even acceptable
conditions for an eventual disposal site on the Canadian Shield. Rather, the study is intended to illustrate the
effectiveness of the in-room emplacement method and copper containers in inhibiting the release of
contaminants from the vault.
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The vault model for the present study simulates dissolution of used CANDU fuel in a geochemical environment,
which evolves from an initial oxidative condition, caused by residual air and radiolysis, to an eventual steady-
state anoxic condition. The model simulating the performance of copper containers is based on pinhole
manufacturing defects and indefinite lifetime (i.e., no corrosion-induced failures). The in-room emplacement
geometry is modelled as a line source representing the waste form, point sources representing pinholes in the
defected containers randomly located in the vault, and concentric cylinders representing the buffer, backfill and
excavation disturbed zone.

The geosphere model for the present study is more speculative than the one used for the EIS case study because
it does not represent conditions we have encountered at any of our geologic research areas. We assume that the
vault depth, the geometry of the geosphere model, and the arrangement of major fracture zones and rock mass
domains surrounding the disposal vault are identical to those of the EIS case study. However, we assume much
higher permeability and lower porosity conditions in the rock domain adjacent to the vault than the conditions
observed at the URL and used in the EIS case study. As a result, the lower rock domain is not a diffusion-
dominated barrier and the low-dipping fracture zone, LD1, is not the dominant advection pathway to the surface.
The effects of geothermal gradient, vault heat and a water supply well on the groundwater flow field have been
simulated and the implications on the long-term redox conditions in the vault have been assessed. The
groundwater travel times from the disposal vault to the surface are up to 10 000 times shorter in this present
geosphere model than in the model used for the EIS case study.

For this study, there is no advantage to constraining the location of the disposal rooms relative to LD1 as was
done in the EIS case study. Thus the waste disposal rooms are located both below and above LD1 (i.e., on both
the footwall and hangingwall sides of the fracture). The 50-m waste exclusion distance is retained but is
relatively insignificant because advection is the dominant transport process in the permeable lower rock domain.
Thermal restrictions and shielding requirements of the in-room emplacement option result in a reduction in the
density of waste containers of roughly 50% relative to the borehole emplacement option of the EIS case study.

The biosphere model for the present study includes a number of changes, notably inclusion of additional
radionuclides with shorter half-lives, inhalation pathways for animals, the most recent internal dose conversion
factors of the International Commission on Radiological Protection (ICRP 1991a, b), geosphere dose limits for
non-human biota, and updated values of model input parameters. Moreover, the part of the model representing
the biosphere/geosphere interface was improved to account more fully for terrestrial discharge of radionuclides.

COMPARISON OF THE EIS CASE STUDY AND THE PRESENT STUDY

The key features of the EIS postclosure assessment case study and the present study are summarized as
follows:

DESIGN CONSIDERATIONS

Emplacement option

Vault area/depth

Fuel inventory: number of bundles
mass of uranium

Fuel Burnup

Fuel Cooling time

Number of bundles per container

Number of waste containers

Room locations

EIS CASE STUDY

borehole

3.2km2/500m

8.5 million
162 000 Mg

685 GJ/kg U

10 a

72

118 700

footwall of LD1

PRESENT STUDY

in-room

3.4 km2/500 m

4.3 million
82 000Mg

720 GJ/kg U

10 a

72

60 100

footwall and hangingwall of LD1
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VAULT MODEL

Vault model geometry

Fuel dissolution model

Container shell material

Container corrosion mechanisms

Fraction of containers failed instantly

Fraction of containers failed by 104 a

Effective buffer thickness

Effective backfill thickness

Excavation disturbed zone

GEOSPHERE MODEL

Conceptual model of fracture zones
and rock domains

Permeability of rock domain
surrounding vault

Effective transport porosity of rock
domain surrounding vault

Minimum contaminant transport times
from vault to biosphere

Rate-determining transport process

Maximum well depth

BIOSPHERE MODEL

SYSTEMS ANALYSIS

Computer Code

Maximum estimated dose rate
to a member of critical group
up to 104 a

Time at which estimated dose
rate reaches peak

Key radionuclides contributing
to estimated dose rate up to 104 i

Principal safety feature

EIS CASE STUDY

layered slabs

therm odynamic

Grade-2 Ti

localized crevice and
delayed hydride
cracking

103 to 10-"
(complete failure)

1.0

0.25 m

1.4 m

evaluated outside
system model

URL area of WRA

1019m2

3 x 103

PRESENT STUDY

nested cylinders

kinetic

high purity Cu

general corrosion
and pitting

10"3 to 10"4

(pinhole failure)

10"3 to 10"4

1.48 m

0.76 m

evaluated explicitly within
system model

URL area of WRA*

1017m2

103 to 10 s

tens of thousands of years tens of years

diffusion

200 m

BIOTRAC1 - typical of
the Canadian Shield

third generation code
(SYVAC3-CC3-ML3)

about 10" Sv/a

>105i

129I

advection

100 m

BIOTRAC2 - modifications to
improve the model and update
the parameters

prototype (PR4) of fourth
generation code (SYVAC3-CC4)

about 10"6 Sv/a

about 104 a

36,Cl
14C

low permeability rock
domain surrounding vault

I29I,36C1
14C, 79Se

" S r / ^ Y .
long-lasting containers

* The conceptual model used for this present study does not represent a combination of conditions that we have encountered at any of
our geologic research areas on the Shield. It has the same geometric arrangement of fracture zones and rock domains as was used in
the EIS case study; however, the permeability of the rock domain surrounding the vault has been assumed to be 10'17 m2. This
permeability is 100 times greater than the value specified for the EIS case study, which was based on actual measurements within the
lower rock zone at the URL.
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The EIS case study, the study to identify a favourable vault location, and the present study illustrate the
flexibility of AECL's disposal concept in taking advantage of the retention, delay, dispersion, dilution and
radioactive decay of contaminants in a system of natural barriers provided by the geosphere and the
hydrosphere and of engineered barriers such as the waste form, container, buffer and backfill. In an actual
implementation, the engineered system would be designed for the geological conditions encountered at the
host site.

HIERARCHY AND SCOPE OF DOCUMENTS FOR THE PRESENT STUDY

This study, presented in five main volumes and a number of supporting documents, is organized as follows:

Volume 2
Vault Model

This Report

Volume 1
SUMMARY

AECL-l 1494-1, COG-95-552-1

Volume 3
Geosphere Model

AECL-l 1494-3. COG-95-552-

Volume 4
Biosphere Model

AECH1494-4. COG-95-552-4

Volume 5
Radiological Assessmen

AECL11494-5, COG-95-552-5

i Engineering
: AECH1595.COG-96-223 :

SUPPORTING DOCUMENTATION: AECL Reports, Journal Articles, Conference Papers

Volume 1, Summary (Wikjord et al. 1996), provides an overview of this study and summarizes the design
considerations and safety of in-room emplacement of CANDU used-fuel in long-lasting copper containers in
permeable plutonic rock.

Volume 2, Vault Model (this report), describes and justifies the assumptions, model and data used to analyze
the long-term behaviour of the engineered system (the near-field), including the waste form (used CANDU
fuel), container shell (deoxidized, low-phosphorous copper), buffer (precompacted bentonite clay and silica
sand), backfill (glacial lake clay and crushed rock), and excavation disturbed zone.

Volume 3, Geosphere Model (Stanched et al. 1996), describes and justifies the assumptions, model and data
used to analyze the transport of contaminants through permeable plutonic rock of the Canadian Shield,
including the effects of a pumping well. The geological characteristics assumed in this study are not based on
an integrated data set for any particular field research area.

Volume 4, Biosphere Model (Zach et al. 1996), describes and justifies the assumptions, model and data used
to analyze the movement of contaminants through the near-surface and surface environments and to estimate
radiological impacts on humans and other biota.

Volume 5, Radiological Assessment (Goodwin et al. 1996), provides an estimate of long-term radiological
effects of the hypothetical disposal system on human health and the natural environment, including an
analysis of how uncertainties of the assumed site and design features affect system performance.
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A separate engineering study (Baumgartner et al. 1996), shown by the dotted lines, is closely linked to this
5-volume series. It describes the conceptual design, technical feasibility, thermal and mechanical analyses,
and project lifecycle for implementing an engineered system based on the in-room emplacement of copper
containers. It is applicable to a broader range of geosphere conditions than assumed in the present study.



1. INTRODUCTION

In a previous study (Johnson et al. 1994b), published as part of an Environmental Impact
Statement (EIS) of a concept for disposal of Canada's nuclear fuel waste (AECL 1994),
we described a model and long-term safety analysis for the disposal of used CANDU fuel
in a hypothetical vault located in the Whiteshell Research Area in Manitoba. In the
reference vault design, used fuel bundles were encapsulated in titanium containers, which
were then emplaced in boreholes, surrounded by a bentonite-sand buffer material, in the
floor of disposal rooms. The remaining excavations were proposed to be sealed with a
backfill of crushed granite and clay.

It is recognized that a number of alternative design and material choices for the
engineered barrier system are available (Johnson et al. 1994a). In addition, a number of
vault design alternatives had been examined (Simmons and Baumgartner 1994), and the
in-room emplacement concept was identified as warranting detailed study. In particular,
it was noted that it would be instructive to develop a vault and engineered barrier design
that could compensate for a geosphere barrier that was less effective than the one adopted
in the previous study.

The design developed for the present study is described in detail by Baumgartner et
al.(1996), and is based on in-room emplacement of copper containers. We present here
conceptual and mathematical models, completely revised relative to those of the previous
study, that describe failure of containers, radionuclide release from the used fuel and mass
transport through the sealing materials to the surrounding rock. In addition, data for all of
the models were updated where important new information was available. The
radiological dose estimates have been calculated with the SYVAC PR4 code. Because of
the large number of model and data changes made, it is very difficult to make direct
comparisons between the results obtained here and those of the previous case study. The
reader is referred to Goodwin et al.( 1996b) for the results of calculations that directly
compare doses for in-room and borehole emplacement for a specific set of groundwater
flow conditions.

2. DESCRIPTION OF THE VAULT SYSTEM

21 INTRODUCTION

The design of the vault system is described in detail by Baumgartner et al. (1996). For
the present study, thermal restrictions and radiation shielding of the in-room emplacement
option result in a reduction in the density of waste containers of roughly 50% relative to
the borehole emplacement option described in the EIS (AECL 1994). A total of
81000 Mg of uranium in the form of 4.3 million used fuel bundles are assumed to be
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emplaced in the vault. The used-fuel bundles are assumed to have been out of reactor for
10 a, and to have a burnup of 720 GJ(kg U)"1 (Floyd et al. 1992). Radionuclide
inventories for the reference fuel are given in Appendix A.

22 GEOSPHERE SETTING

The geosphere model for the present study is hypothetical since it does not represent
conditions we have encountered at any of our geologic research areas. The geometry of
the geosphere model is identical to that used for the EIS case study and the disposal vault
is located at a depth of 500 m. The rock surrounding the disposal vault is assumed to
have the same arrangement of major fracture zones and rock mass domains as the EIS
case study. However, the geosphere model for the present study assumes much higher
permeability and lower porosity conditions in the rock domain surrounding the disposal
vault than the conditions used in the EIS case study. As a result, the lower rock domain is
not a dominant diffusion barrier and the low-dipping fracture zone, LD1, is not the
dominant advection pathway to the surface. The groundwater travel times from the
disposal vault to the surface are 1000 to 10,000 times shorter in this alternative geosphere
model than in the model used for the EIS case study.

The geosphere model is described in detail by Stanchell et al. (1996).

23 DISPOSAL VAULT DESIGN

The disposal vault depth is assumed to be 500 m, the minimum depth considered in the
design study by Baumgartner et al. (1996). The disposal containers are emplaced within
rooms (Fig. 2.1), rather than within boreholes excavated into the floors of rooms. The
general plan layout of the vault is described by Baumgartner et al. (1996).

A low-heat high-performance concrete is placed on the floor of the disposal rooms.
Precompacted blocks of dense backfill (70% graded crushed granite, 25% glacial lake
clay and 5% bentonite by dry mass) and buffer (a 1:1 mixture by dry mass of silica sand
and bentonite) are placed above. The arrangement of blocks leaves horizontal cylindrical
cavities for emplacement of containers. The upper backfill, which consists of a 1:1
mixture of granitic sand, i.e., crushed and graded granite, and bentonite, is pneumatically
emplaced. The properties of the various sealing materials are discussed in Chapter 3.

24 DISPOSAL CONTAINER DESIGNS

Two container designs are considered for the present study, both with a 25.4-mm-thick
copper shell. The packed-particulate design is based on the concept developed for the
engineering study of Simmons and Baumgartner(1994), in which 72 used-fuel bundles are
retained within a basket constructed of carbon-steel tubes, and the residual void in the
container is filled with glass beads, compacted in place by vibration. In the design
adopted for the present study the container aspect ratio is smaller, the bundles are placed
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Light Backfill

Excavation

Buffer
Blocks

Containers

Sand/Bentonite

1189 mm
Buffer
Plugs

Dense Backfill
Blocks

HIgh-Performance
Concrete

FIGURE 2.1: Layout of a Disposal Room

in a shorter basket, constructed of stainless steel tubes, and the void space is filled with
either compacted glass beads or silica sand (Fig. 2.2).

The other container design concept being considered is a steel-shell-supported copper
container, shown in Fig. 2.3. In this design, the basket (containing 72 used-fuel bundles)
is placed within a 65-mm-thick carbon-steel shell. The steel shell is welded shut and
placed within the copper shell, which is sealed by electron-beam welding. This container
is designed to withstand the expected structural loads without additional internal support
(i.e., paniculate), although compacted glass beads or silica sand could also be used to fill
the void space. The structural-performance assessment of the two designs is discussed in
Chapter 4.

2.5 DESIGN MODIFICATIONS ARISING FROM PERFORMANCE
ASSESSMENT CONSIDERATIONS

During the development of conceptual and mathematical models of the disposal vault, a
number of issues arose regarding the post-closure performance of the design initially
considered (Baumgartner et al. 1995) for the present case study. Based on preliminary
modeling of the vault system, several design changes were made that were expected to
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FIGURE 2.2: The Packed-Particulate-Supported Cu-Shell Container
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HGURE 2.3: The Dual-Shell (Fe/Cu) Container
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improve vault performance, ensure consistency between the design study and the vault
model, or provide flexibility and robustness in the engineered system design. These
include:

(1) Replacing the quartz sand in the upper backfill with granite sand. This
was proposed to ensure that backfill containing crushed granite would
completely surround the buffer. The Fe(II)-bearing minerals in granite
promote anoxic conditions and thus ensure that Tc is in its reduced and
comparatively immobile state.

(2) Considering the steel-shell supported Cu container design as well as the
packed paniculate supported design for the assessment calculations. This
was undertaken because there is some question whether the latter design
would be structurally sound under the potentially high groundwater
pressures (-40 MPa) associated with glaciation.

(3) Replacing the silica sand that would fill the gap between the container and
buffer with a mixture of granulated bentonite and sand. As discussed in
Chapter 3.3.2, radionuclide diffusion through the defect in the container
greatly diminishes release. This reduction in mass transport rate can only
be assumed if diffusion controls mass transport in the region immediately
adjacent to the defect. This is best assured by having bentonite in
immediate contact with the container surface.

(4) Using deoxidized, low-phosphorous (DLP) copper for the container shell
instead of oxygen-free, electronic (ORE) copper. DLP copper, a high-
purity experimental alloy, was proposed for the construction of disposal
containers in the Swedish nuclear fuel waste management program, based
on that program's long-term mechanical-behaviour investigations of
various copper grades (Henderson et al. 1992). This represents a change
from the original OFE3 material specified in Baumgartner et al. (1995).
Differences in corrosion performance between the two materials are
negligible, as discussed in Chapter 4.4.5.

26 THE CONCEPTUAL MODEL OF THE VAULT

In performing calculations with the vault model, we assume that the surface facilities
have been removed, that shafts and boreholes leading to the vault have been thoroughly
sealed, and that all vault rooms, tunnels and subsurface facilities have been backfilled.
Moreover, we assume in the mathematical model that resaturation of the vault is complete

3 American Society of Testing and Materials (ASTM) material designation number according to the
Society's Unified Numbering System (UNS): C10100. The chemical requirements for OFE copper
(according to ASTM Specification B 170) are that the minimum copper content shall be 99.99% and that
the maximum oxygen content shall be 0.001%.
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at the time of closure and that steady-state groundwater flow conditions have been
attained. The effects of the unsaturated period have been considered qualitatively for a
number of processes in the vault.

The plan area of the disposal vault in the present study occupies about 3.4 km2 and the
surrounding rock exhibits significant spatial variations in its hydrogeological properties,
notably groundwater velocities (Stanchell et al. 1996). To account for these variations,
we divide the vault into sectors and estimate contaminant releases from each sector. Each
sector then serves as a source to a contaminant transport pathway through the geosphere.

The vault model estimates the release of contaminants from each vault sector, by
simulating the following processes:

failure of the copper containers,

- release of contaminants from the used fuel and Zircaloy fuel sheaths to the
interior of the container,

- precipitation of contaminants inside the container if solubility limits are
exceeded,

- transport by diffusion of dissolved contaminants through a small defect
(pinhole) in the container to enter the surrounding buffer, and

- transport by diffusion of contaminants through the buffer, and by
convection and dispersion through the backfill and excavation-disturbed
zone (EDZ) into the surrounding host rock.

The vault model is also linked to the geosphere model to ensure the two models are
consistent. This is achieved in part by dividing the vault into sectors based largely on
variations in geosphere properties.

It is expected on the basis of corrosion performance that a 25-mm-thick Cu shell would
not fail by corrosion in less than 106 a; thus we assume that the only failure mechanism
for the copper containers involves undetected fabrication defects. These defects are
envisioned to be small, pinhole-sized openings in the outer copper shell that permit the
ingress of groundwater and the subsequent escape of contaminants, starting immediately
after closure of the vault. The median number of containers that have undetected
manufacturing defects is 1 in 5000, resulting in a total of approximately 12 containers
failed in the vault. We assume the size of the container defects are time-independent.
This last assumption is consistent with the container design option that involves packed
particulate to provide internal mechanical support. The design option involving an
internal steel shell to provide structural support is expected to have the same failure
mechanism, but the size of the defect may be enlarged by internal pressures caused by
corrosion-product formation on the steel shell. The likelihood of this effect is expected to
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be small and a separate calculation is performed to examine the dose consequences for
this case (see Chapters 6.3.2 and 6.5.3.5).

The net release rate of a contaminant from a vault sector is equal to the product of the
number of failed containers in that sector and the calculated release rate from one failed
container for that sector.

We assume that a failed container fills with groundwater and that all fuel sheaths fail
immediately upon closure of the disposal vault. We then estimate releases of
contaminants to the water inside the container from the used fuel and from the Zircaloy
fuel sheaths. We model two radionuclide release mechanisms: instant and congruent
release for the used fuel matrix, and congruent release for the Zircaloy matrix. It is
assumed that the fuel sheath does not prevent access of water to the fuel.

Instant release refers to release of contaminants that are not uniformly dispersed in the
used fuel matrix. A fraction of the inventory of some contaminants is located in the
fuel/sheath gap and at the grain boundaries of the fuel pellets (the remaining inventory is
bound in the UO2 matrix and is released congruently). We assume that this fractional
inventory is released to the interior of the failed container at the time of closure of the
disposal vault. An important parameter used to model this mechanism is the "instant-
release" fraction. In this study, we assume a fraction of the inventory of the following
radionuclides undergo instant release: I4C, 36C1, 135Cs, l37Cs, I291,126Sn, 79Se, 90Sr and
" T c .

Congruent release refers to the release of contaminants that are uniformly dispersed in the
host matrix (used fuel or Zircaloy sheaths). We assume a contaminant is released as the
matrix degrades, at a rate that is proportional to the contaminant's fractional abundance
within the matrix and the rate of dissolution of the matrix as follows:

- The contaminants fractional abundance is given by its initial inventory
which is modified (as a function of time) to account for radioactive decay
and (for the used matrix) to discount any "instant" release inventory.

- The rate of dissolution of the UO2 fuel matrix is based on a chemical
kinetic (corrosion) model that is strongly dependent on the extent of
radiolysis occurring at the fuel surface. At early times, radiolysis of water
from a-, p- and y-radiation causes relatively rapid dissolution rates
(calculated using rate data at a conservatively assumed temperature of
100°C). After about 103 a, radiation fields would be greatly reduced, but
we assume that a minimum rate of dissolution persists to the time limit of
the assessment simulations. The congruent-release mechanism is modeled
using parameters that include the relative magnitudes and durations of the
a-, |3- and y-radiation fields.



- The rate of dissolution of the Zircaloy matrix is determined by two factors:
the solubility of zirconium, a sampled parameter, and the rate at which
zirconium is removed from the container (by diffusion through the defect
in the container).

Many of the parameters used in calculating release rates are described using parameter
distribution functions (PDFs) to account for uncertainty. Different values are sampled for
each vault sector in a single simulation.

Some contaminants released from the used fuel and Zircaloy to the interior of the
container can be sparingly soluble and would precipitate. In this scoping study, we use
two different approaches to specify solubility limits:

1. For most chemical elements, we specify a conservative solubility limit.
Chemical elements like carbon, chlorine, cesium and iodine are assigned
very high solubility limits and would not precipitate; others like palladium
and selenium are more insoluble and would likely precipitate in some
simulations. Zirconium is expected to precipitate in every simulation
because its solubility limit is low and because there is a large mass of
zirconium in the Zircaloy matrix. The solubility limit for these elements is
defined using PDFs to account for uncertainty.

2. For five elements (neptunium, technetium, plutonium, thorium and
uranium), solubility limits are calculated using thermodynamic
relationships and a groundwater composition that is representative of the
disposal vault (Johnson et al. 1994b). For these elements, uncertainty in
solubility is accounted for through the PDFs describing groundwater
chemistry.

If the calculated concentration of a contaminant is greater than its effective solubility, we
assume a constant-concentration source term in modeling transport from the failed
container; otherwise we use a source term based on instant and congruent release. Both
types of source terms can apply, but at different times during the simulation. For
instance, the concentration of a contaminant might slowly build up to its solubility limit,
maintain that limit until the precipitate is completely dissolved, and thereafter decrease to
smaller values; we would then have a source term based on instant and congruent release
at early times and again at long times, with a constant-concentration source term at
intermediate times.

Many of the model parameters used to model precipitation in the container are described
using PDFs to account for variability and uncertainty, and separate values are sampled for
each vault sector in a single simulation.

We assume that contaminants released to the groundwater inside a failed container
diffuse into the surrounding buffer through the small, pinhole-sized defects. These small
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defects provide a long-term transport resistance by restricting and delaying the flux of
radionuclides out of the container.

The vault model considers two different mathematical solutions to this process,
depending on the characteristics of the source term. Contaminants that have precipitated
inside the container are modeled using a constant-concentration source term; other
contaminants are modeled using a source term based on instant and congruent release.
Key model parameters used for these solutions include the contaminant diffusion
coefficients (within the pinhole and within the surrounding buffer), the effective radius
and length of the pinhole and the internal volume and void porosity of the materials in the
container. The effective radius of the pinhole is based on the size of a defect of arbitrary
shape. The result of these calculations is the time-dependent rate of release of
contaminants into the surrounding buffer.

For mathematical modeling purposes, the complex three-dimensional geometry of the
vault is simplified, as illustrated in Fig. 6.1. Thus the containers, buffer, backfill and
EDZ are represented as nested cylinders, with adjustments to the radii so as to conserve
the volumes of the buffer, backfill and EDZ. The surrounding rock is also treated as an
outer cylinder with an infinite radius. We assume the discharge from a failed container
can be represented as a point source located along the central axis of the cylinders. This
simplification permits the use of a two-dimensional semi-analytical solution, based on the
boundary integral method, of contaminant transport through the buffer, backfill and EDZ
into the surrounding rock (LeNeveu and Kolar 1996). The adequacy of this two-
dimensional mathematical solution has been evaluated by comparisons with a three-
dimensional finite element model (LeNeveu and Kolar 1996).

The main output from this component of the vault model is the time-dependent flow
(mol a ') of contaminants out of the vault into the adjoining rock. This is a net flow: it
corresponds to the integrated flow over the entire surface of the outer cylinder that
represents the EDZ. The final flow rate is derived from calculation of the net flows out of
the cylinders representing the buffer and backfill.

Permeability in the buffer is very small and thus we assume that contaminants move only
by diffusive transport through this material. However, the permeabilities of the backfill,
EDZ and surrounding rock are higher than for the buffer. In these media we assume
uniform radial and axial flows within a sector and include both convection and dispersion
in calculations of contaminant movement.

The important parameters used to describe contaminant transport through the buffer,
backfill and EDZ include diffusion coefficients, capacity factors, thickness (e.g., of the
buffer), groundwater velocities and dispersivities in the three media. Other important
parameters include diffusion coefficients, groundwater velocities and dispersivities in the
surrounding rock. The geosphere model provides information on the direction and
magnitude of groundwater flow in the rock immediately surrounding each vault sector
(see Fig. 6.2). The geosphere model also provides information on groundwater velocities
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through the backfill and EDZ for each vault sector. In this way, we ensure that the
estimated flow of contaminants from a vault sector is consistent with the properties of the
adjoining rock in the geosphere.

3- EVOLUTION OF NEAR-FIELD CONDITIONS AND MASS TRANSPORT
THROUGH SEALING MATERIALS

3.1 INTRODUCTION

In this chapter we describe the properties of the various sealing materials used in the vault
and discuss the rationale for the selection of the parameter values used in Chapter 6 to
model mass transport of radionuclides in these materials. In addition, we discuss the
attributes of the EDZ around the disposal rooms and derive parameters describing its
hydraulic behaviour.

32 PROPERTIES OF SEALING MATERIALS

The sealing materials used within disposal rooms include:

(i) a floor constructed of low-heat high-performance concrete,

(ii) precompacted blocks of lower (dense) backfill comprising a mixture of
clays and crushed granite,

(iii) precompacted blocks of buffer composed of a 1:1 mixture of sand and
bentonite, and

(iv) pneumatically emplaced upper (light) backfill, comprising a 1:1 mixture of
granite sand and bentonite

The space between the container and the buffer blocks would be pneumatically filled with
a mixture of dry quartz sand and dry granular bentonite that would be emplaced at a dry
density of 0.9 Mg-m'3. The design of a disposal room is shown in Fig. 2.1 and
compositions and properties of the sealing materials are given in Table 3-1. The sealing
materials and container emplacement operations have been described by Baumgartner et
al.(1996).

Other sealing materials would be used in the vault, including concrete and bentonite
bulkheads at the entrance to disposal rooms, clay-based backfills to fill tunnels and shafts,
shaft seals and exploration borehole seals. The materials and design approaches for these
seals have been discussed by Johnson et al.( 1994a).
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TABLE3-1

COMPOSITION AND PROPERTIES OF BUFFER AND BACKFILL MATERIALS

Clay type

Content (mass %)

Aggregate type

Content (mass %)

Dry bulk density (Mgm"'1)

Potential swelling pressure (kPa)

Free swell (%)

Drying shrinkage (%)

Degree of saturation when placed (%)

Thermal conductivity ( W m ' C 1 )

Hydraulic conductivity (ms1)

Buffer

Bentonite

50

Silica sand

50

1.67

800-2000

80 - 175

<2

80

1.7

<10"

Dense backfill

Lake Clay/
bentonite

25/5

Crushed granite

70

2.1

<50

<10

2 - 5

80

2.0

<1010

Light backfill

Bentonite

50

Granite sand

50

1.2

100-200

20-50

<5

33

0.7

<1010

In relation to vault performance, the present report describes models only for the
performance of the seals used within disposal rooms. Sealing systems in the tunnels,
shafts and exploration boreholes are expected to effectively ensure that diffusion
dominates mass transport within the boundaries of the excavations in the far field, just as
in the case of the near field. As will be seen in Chapter 6, however, significant
convective flow occurs throughout the rock surrounding the entire disposal vault.

3.3 THE PRESATURATION PERIOD

3.3.1 Vault Temperatures

Baumgartner et al.(1996) have estimated the disposal container temperature and average
disposal vault temperature based on a number of thermal calculations. The projected
temperature-time profiles are shown in Fig. 3.1. The maximum container surface
temperature of ~75°C is reached at -10 a.
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FIGURE 3.1: Variation of Temperature with Time at the Surface of the Disposal
Container Located at a Vault Depth of 500 m

3.3.2 Vault Saturation Time

Johnson et al. (1994b) have discussed the moisture content transient that would occur in a
disposal vault. They concluded that in very low hydraulic conductivity rock,
(K < 10 12 ms"1), buffer and backfill material could take hundreds to thousands of years
to saturate. For rock with a hydraulic conductivity of 10"10 ms'1, as assumed in the
present study, simple isothermal calculations indicate that saturation could occur in a
shorter time.

The water-flow rate, Q, into the container through the defect can be approximated by

Q = 27crKhN (3.1)
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where r is the radius of the defect, K is the hydraulic conductivity of the buffer, and hN is
the hydraulic head (Vieno et al. 1992). For maximum expected values2 of r (1.5 mm) and
K(10~u ms"1) and a hydraulic head of 500 m (disposal vault depth), the volumetric inflow
rate is ~2 x 10"" irrV1; thus, the container void space of 118 dm3 would fill in -80 a
under maximum hydraulic head conditions. This is a very conservative calculation,
because the length used to calculate the gradient was chosen conservatively as r/2. More
realistic values of hydraulic conductivity of buffer ( « 1 0 ' n ms"1, see Chapter 3.5)
combined with effect of coupled thermo-hydraulic processes would lead to limited access
of groundwater to the fuel for thousands of years. As indicated in Chapter 5.3.2, the
dissolution rate of the fuel depends strongly on the radiation field; thus, delays of this
magnitude would greatly diminish the extent of dissolution of the fuel. Nonetheless,
these delays are not considered in the model, and contact of groundwater with the fuel
and radionuclide release are assumed to occur upon emplacement of containers in the
vault.

34 GROUNDWATER CHEMISTRY

The composition of groundwater at the vault depth of 500 m for the present study has
been based on the study by Gascoyne (1996) of groundwaters in the Whiteshell Research
Area. The salinity (total dissolved solids) is expected to be 3 to 13 g-L*' in the rock mass
at a depth of 150 to 500 m. This range is similar to that used in the previous case study
(Johnson et al. 1994b). Measured redox potentials (Eh) for water in fracture zone LD1 are
in the range +200 to -100 mV at vault depth. Because of concerns about the possibility
that the high assumed flow rates in the rock might draw oxidizing groundwaters to
considerable depths, Gascoyne (1996) also measured Eh and dissolved O2 concentrations
in rapidly recharging groundwaters in the WRA. He observed rapid consumption of O2 in
the upper 200 m and measured O2 concentrations of <1 ppb and redox potentials of
<0 mV at a depth of 240 m. These results indicate that groundwaters entering the vault
would be essentially reducing, and that the redox chemistry in the vault would be
controlled by materials in the vault.

The processes that would control near-field redox chemistry include alteration of minerals
such as biotite and magnetite present in the crushed granite in the backfill, oxidation of
minerals and organic matter in the glacial lake clay in the backfill and corrosion of the
copper containers. Kolar and King (1996a) have examined the kinetics of consumption
of oxygen that would be entrapped with the sealing materials for the case of disposal of
copper containers using the in-room emplacement concept. They calculated that times to
completely consume oxygen could be as long as 670 a at 75°C. The most important O2
consumption reactions appear to be oxidation of organic matter in clays and corrosion of
copper (see Chapter 4.3).

2 Container defects larger than 3-mm diameter are assumed to be detected during container inspection
(see Chapter 4.2)
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It is assumed that, once the O2 is consumed, the porewater in the buffer and backfill will
contain enough Fe2+ to maintain sufficiently reducing conditions to greatly retard the
migration of Tc. This is supported by the observation of significant Fe2+ concentrations
in the pore water in O2-free backfill (Sheppard et al. 1996) and by the low Tc diffusion
rates observed in deaerated backfill by Oscarson et al. (1994) (see Chapter 3.5).

The parameter characteristics for the groundwater for the present study are given in
Table 3-2. These are the same values used in the previous case study (Johnson et al.
1994b). The parameters are used only in the calculation of solubilities of radionuclides,
as discussed in Chapter 5.4. The influence of the long-term alteration of the concrete
floor of the disposal room on near-field chemistry is discussed in Chapter 3.6.2.

TABLE3-2

DISTRIBUTION OF GROUNDWATER PARAMETERS

USED IN THE VAULT MODEL

Parameter
[CaCl2]
[NaCl]
[Na2SO4]
[tot. inorg. C]
[tot. F]
[tot. inorg. P]

PH
Ez*(pH = 0)

Units
mol-kg"1

mol-kg"1

mol-kg"1

mol-kg"1

mol-kg'1

mol-kg'1

V

Distribution
loguniform
loguniform
loguniform
loguniform
loguniform
loguniform

triangular
uniform

Minimum

1 0 " "

10"23

1O"22

,0-36
,o-6.o
,0-80

5.0
0.2

Maximum
JQ-1.0

,0-0.5

JQ-1.0

1 0 1 7

,0-2.8

10'52

10.0
0.47

Mode
-
-
-
-
-
-

8.0
-

* see Chapter 5.4

35 MASS TRANSPORT IN BUFFER AND BACKFILL MATERIALS

Based on pressure-gradient measurements, the hydraulic conductivity, K, of compacted
bentonitic materials, like buffer, is <10" ms"' (Dixon et al. 1987). Recent
measurements on compacted bentonite using ultracentrifugation techniques indicate

V I 6 -3K < 1O"10 ms at clay densities greater than 0.8 Mgm (Conca et al. 1993). These low K
values imply that the hydraulic conductivity for compacted bentonitic materials may be
assumed to be zero under the low hydraulic gradients (<0.02 (Chan 1989)) expected in
the vault environment. Under these conditions, transport through compacted buffer and
backfill will be diffusion controlled, since diffusion processes have been shown to
dominate mass transport through earthen materials when K is less than 10"10 to 10"9 m-s"1

(Rowe 1987, Gillham and Cherry 1982).



- 15-

3.5.1 Diffusive Transport of Radionuclides in Buffer and Backfill Materials

A discussion of diffusion in clay/water systems and the appropriate equations based on
Fick's laws is given by Johnson et al. (1994b). Briefly, in the absence of advection,
Fick's first law for one-dimensional diffusion adapted to porous media is

(3.2)

where J is the diffusive flux, Dj the total intrinsic diffusion coefficient, C the
concentration, and x the distance. The Dj value is given as

Dj = Doxe (3.3)

where Do is the diffusion coefficient in bulk water under stationary conditions, x the pore
geometry factor, and £ the effective porosity or the porosity available for diffusion.

In clay/water systems the diffusant often sorbs on the clay; this affects diffusion in the
transient state (i.e., until all sorption sites are effectively saturated). Fick's second law,
applied to sorption governed by a linear sorption isotherm for porous media, is

IT " D'<f^
at a x

2

where Da is the apparent diffusion coefficient and is given as

£ l ^ ,3.5)

where r is the capacity factor (the capacity of the solution and solid per unit volume of
bulk porous media to hold more of the diffusant as its concentration in the solution phase
increases by one unit), pb the dry bulk density of the porous media, and Kj the
solid/solution distribution coefficient.

In practice, D; and Da are obtained from experiments under steady-state and transient
conditions respectively; and r is calculated either from the ratio Dj/Da or from measured
or known values of e, pb and Kd (Eq. 3.5).

In the mass transport model, Dj and r values are required for radionuclides in both buffer
and backfill. Oscarson and Dixon (1989) give the mineralogical and elemental
composition of Avonlea bentonite and Lake Agassiz clay, the clay components of buffer
and backfill. For transport modeling purposes, the dense and light backfill are assumed to
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have the same transport properties, i.e., the ranges chosen for Dj and r are broad enough
to apply to both the dense and light crushed granite-based backfills.

In both buffer and backfill saturated with anoxic groundwater at 25°C, Dj values for all
radionuclides generally range from 3.2 x 10"4 to 3.2 x 10'3 m2a~' (Oscarson et al. 1995).
This range was increased by a factor of four for the present study to account for
temperatures up to 90°C. [Diffusion coefficients in the pore solution of compacted clays
increase with increasing temperature due to a decrease in solution viscosity; the increase
is about a factor of three to four for a temperature increase from 25 to 90°C (Robin et al.
1987)]. As the temperature of buffer and backfill will be <90°C, using Dj values four
times greater than those at 25°C is conservative.

Values of r — calculated from the ratio Dj/Da (Eq. 3.5) — for various elements in buffer
and backfill are given in Table 3-3. The number of elements included in Table 3-3 is
larger than that for which assessment calculations are performed (see Chapter 6.5). Many
of the Da values (valid for 25°C) used to calculate r were obtained from the compilation
of Oscarson et al. (1995), and again, increased by a factor of four to account for
temperature effects. If a radionuclide is not included in the compilation of Oscarson et al.
(1995), there are no reliable experimental data available for the conditions of interest. In
this case, a Da value was assumed for that radionuclide based on its chemistry, and
therefore its likely behaviour in clay /water systems. For example, since there are no
reliable diffusion data for Rb and K, they were assumed to have the same diffusivity as
Cs for which good data exist.

The data available on diffusive transport in backfill are more limited than those in buffer.
However, as Oscarson et al. (1995) noted, the Da values given for buffer would also likely
be appropriate for backfill. This has been shown to be the case where Da values for
several diffusants are available for comparison in both buffer and backfill clays (Oscarson
1994). Hence, where data are not available for backfill, the Da values given by Oscarson
et al. (1995) for buffer are assumed to also apply to backfill.

With the exception of Tc, the r values are the same for buffer and backfill (Table 3-3).
For Tc, r ranges from 2 to 20 in buffer and from 1000 to 10 000 in backfill. Crushed
granite in backfill is important in slowing the migration of Tc (Oscarson et al. 1994,
Hume 1995). In clay/crushed granite barriers, such as the dense and light backfill,
Fe(II)-containing minerals in granite, like magnetite and biotite, rapidly consume the
dissolved O2 initially in the pore solution, and Tc(VII) is reduced to Tc(IV) on the surface
of these Fe minerals (Oscarson et al. 1994). Reduced Tc species are then strongly sorbed
on Fe oxides or other minerals, thus markedly slowing their migration through granite-
containing barriers.

There are insufficient data from which to select a probability distribution function for D;
and r. A uniform probability distribution was arbitrarily chosen for all Dj and r values.
The ranges of values for Dj and r reflect experimental uncertainties and the potential
variability in buffer and backfill density and groundwater salinity.
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TABLE 3-3

CAPACITY FACTORS, r. AND TOTAL INTRINSIC DIFFUSION COEFFICIENTS,

i. FOR RADIONUCLIDES IN BUFFER AND BACKFILL

Element

Cs, Rb, K

Sr, Ca, Ra, Be, Cd, Ni, Pd, Pb, Sb,
Sn, Cr, Nb, Mo, Si, P, Y

Lanthanides & Actinides, Zr

U

Se, Te

C as HCO3

I, Cl, Br, H, Kr, Rn, Ar

Tc (buffer)
(backfill)

Dj (m 2 a' ) b

ra

10- 100

0.5-5

1000-10000

100-1000

0.1 -1

2-20

0.05 - 0.5

2-20
1000-10000

3.2 x 10 4 - 3.2 x 103

a r values are the same for buffer and backfill except for Tc.
b D, values are the same for all radionuclides in buffer and backfill.

By and large, the Kd values recommended for radionuclide/clay systems in waste
management programs in other countries (Brandberg and Skagius 1991, Hakanen and
Holtta 1992) give calculated r values [using appropriate pb and e values (Eq. 3.5)] that
fall within the ranges given in Table 3-3.

Some investigators have suggested that surface diffusion, or migration within the
electrical double layer next to mineral surfaces, may be an important transport mechanism
for some cations in compacted clays (Oscarson 1994 and references therein). Recent
studies indicate, however, that surface diffusion is not a significant transport mechanism
(Oscarson 1994).

3.5.2 Colloid Transport in Buffer Material

All available data indicate that the transport through buffer of colloidal particles that
might be produced upon radionuclide release from used fuel will be extremely slow.
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Hence, it was concluded that colloidal transport would not significantly increase the net
flow of radionuclides through the buffer; thus, it is not explicitly included in the vault
model.

Nowak (1984) reported that colloidal gold (mean particle diameter = 16.4 nm) would not
diffuse into bentonite compacted to a density of 0.9 Mgm'3. In addition, the results
reported by Vilks et al. (1993) suggest that the clay layer around the Cigar Lake uranium
deposit in Saskatchewan, Canada has also been an effective barrier to colloid migration.
Moreover, because of size similarities, diffusion measurements of large molecules in
compacted bentonite are relevant to an evaluation of colloid transport. Lignosulfonates
(molecular weight (MW) = 5600 to 30000 g-mol'1), disodium 2,4,5,7-tetrabromo-
fluorescein (MW = 646 g-mol"1), and sodium anthraquinone-2-sulfonate (MW
= 354 gmol1) have been examined, and the diffusion coefficients determined to be
<3 x 10"8 m2a"' (Eriksen and Jacobsson 1982), at least three orders of magnitude lower
than those of Cs+ and Sr2+ in this clay. With a diffusion coefficient of <3 x 108 m2a~', it
would take more than 8 Ma for about half of the initial amount of a diffusant released in a
pulse at one side of the buffer to move 0.5 m into the buffer.

The above studies are supported by recent pore-size measurements of Avonlea bentonite,
the reference buffer clay, compacted to the reference density (1.67 Mgm"3). Choi and
Oscarson (1996) reported that the average pore diameter of this clay is <20 nm. This is
smaller than the 100 to 400-nm size range of the most common colloids present in Cigar
Lake groundwaters (Vilks et al. 1993). If the colloids present in a disposal vault are
similar to, or even considerably smaller than, those present in Cigar Lake groundwaters,
they would be completely excluded from, or immobile in, the buffer.

36 FACTORS AFFECTING BUFFER AND BACKFILL PERFORMANCE

3.6.1 Self-Sealing Properties of Bentonite-Based Materials

Used ni^lear fuel generates heat and will ultimately cause the temperature in the vicinity
of the waste containers to rise to about 90°C (Baumgartner et al. 1996). The buffer near
the containers could dry, shrink and crack due to heat-induced moisture movement down
the thermal gradient away from the containers. Such cracks, if long-lived, could allow
advective transport of radionuclides after the containers fail.

The self-sealing properties of dense, cracked bentonitic materials have been examined in
several studies. For example, in a natural analogue study, Oscarson et al. (1990)
measured the saturated hydraulic conductivity of initially cracked blocks of dense
bentonite collected from the Avonlea deposit in south-central Saskatchewan. The clay
deposit is 75 to 85 Ma old. The field dry bulk density of the clay ranges from 1.1 to
1.3 Mgm"3, similar to the effective clay dry density of buffer. (Effective clay dry density
is defined as the mass of clay divided by the combined volume of clay and voids.) Upon
exposure to water, the cracked bentonite blocks swelled, the cracks sealed, and the
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material exhibited a hydraulic conductivity similar to that of buffer. This demonstrates
that dense Avonlea bentonite maintains a high swelling capacity and a low hydraulic
conductivity for tens of millions of years. Pusch et al. (1987) reported similar results for
bentonites from other deposits.

In other studies (Oscarson et al. 1996, Dixon et al. 1993), compacted bentonite plugs
were either cut with a band saw to produce slots 1 to 2 mm wide in the direction of mass
transport (Fig. 3.2A shows an example of a slotted bentonite plug) or cracks were induced
by drying. The slotted or cracked plugs were subsequently saturated with groundwater
(Fig. 3.2B), and the hydraulic conductivity and diffusivity measured. The slotted buffer
plugs had a hydraulic conductivity similar to those of intact (i.e., non-slotted) bentonite
plugs (Fig. 3.3). The values of both the slope and intercept obtained from the data
(Fig. 3.3) for the slotted buffer plugs fall within the 95% confidence interval of those
obtained for the intact bentonite plugs. Hence, the two relationships shown in Fig. 3.3 are
not significantly different. We conclude, therefore, that the permeability of the slotted
buffer plugs and the intact bentonite plugs is essentially the same. Similar results were
obtained for cracked bentonite plugs where the cracks were generated by drying (Dixon et
al. 1993). Additional studies of radionuclide diffusion also indicate there is no significant
difference in the diffusivity of the slotted and intact plugs (Oscarson et al. 1996).

These studies provide convincing evidence that cracked or fractured, dense bentonitic
materials rapidly self-seal upon access to water and maintain a hydraulic conductivity and
diffusivity similar to that of intact or uncracked material.

3.6.2 Clay/Concrete Interactions

In the vault design assumed for the present study, a low-heat, high-performance (LHHP)
concrete pad is in direct contact with dense backfill (Baumgartner et al. 1996). The
primary concern in the interaction of concrete with clay-based barriers is the creation of a
high pH (>9) environment in which clay minerals tend to alter to framework silicates, like
zeolites (hydrous Na, Ca, Al silicates) (Pusch 1982, Johnston and Miller 1985). The
zeolites that may form from Na- and Ca-bentonite precursors, for example, are analcime,
phillipsite and natrolite. The conversion of clay minerals to zeolites may occur at either
high temperatures (>200°C) or after long periods (500 to 1000 a) when the pH is
sufficiently high to promote clay dissolution.

Zeolites are low density, framework silicates with no swelling properties. Their
formation from bentonite, for example, could lead to a reduction in plasticity and loss of
swelling capacity.

Anderson et al. (1982) reported that after 70 a of contact between bentonite and concrete,
mineralogical changes had occurred in the bentonite to a depth of only about 50 \im from
the clay/concrete interface. Pusch (1982), on the other hand, found no evidence of zeolite
formation in clay in contact with a 70-year-old concrete foundation, nor in laboratory
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FIGURE 3.2: (A) Slotted Avonlea Bentonite Plug (pc = 1.3 Mg-m'3), and (B) Slotted Plug
Saturated with a Synthetic Groundwater Solution. The arrows on the ring in B
indicate the position of the initial slot. The inside diameter of the ring is 4.1 cm.
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FIGURE 3.3: Hydraulic Conductivity, K, of Slotted and Intact Buffer and Bentonite Plugs
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experiments with Na-bentonite plugs reacted with NaOH solution (0.1 mol-L"1, pH 13) (to
simulate alkaline concrete leachate) for one year. Moreover, in relatively short-term
experiments, mixing Ca(OH)2 (up to 2 wt.%) with bentonite had no significant affect on
the hydraulic conductivity and swelling capacity of the subsequently compacted bentonite
(Dixon 1995). Pusch (1982) notes that there is no direct evidence of any lattice
destruction of smectite clays by OH" at lower temperatures in compacted bentonite.
Nonetheless, following conservative estimates by Neretnieks et al. (1978) that about 106 a
are required to convert a 1.5-m-thick bentonite layer to analcime, Pusch (1982) concluded
that a maximum of 1 cm of bentonite in contact with cement in an underground
repository will undergo zeolitization in 500 to 1000 a.

The alkaline environment in cement and concrete is generated, in the long term, by Ca
compounds, which produce Ca2+ and OH" ions in aqueous solution. Most cements have
Ca/Si ratios >1.5 and therefore the aqueous phase is essentially in equilibrium with solid
Ca(OH)2 at pH 12.5 (Atkinson et al. 1991). The Ca/Si ratio of LHHP concrete, however,
is <1 and the aqueous phase pH is about 9.5 (Onofrei 1996). Although the pH of the
solution in contact with LHHP concrete is lower than that for conventional concretes, the
pH is still somewhat higher than that of the equilibrium pore solution of the buffer and
backfill, about 7.5 to 8.0 (Oscarson and Dixon 1989).

Studies demonstrate that clay porewaters resist pH changes. This buffering capacity can
be attributed largely to ion-exchange processes. Our unpublished data, for example,
indicate that suspensions of WN-1 groundwater (Table 3-la in Johnson et al. 1994b) and
Lake Agassiz clay consume approximately 0.2 mol OH-kg'1 clay before reaching pH 9
from an initial value of about 7.8. (Lake Agassiz clay is the main clay component of
dense backfill (Table 3-1)). Others have reported similar clay buffering capacities
(Jefferies et al. 1988). Hence, the ability of clays to consume OH" released from concrete
is substantial.

Given that the total mass of Lake Agassiz clay in the dense backfill in a disposal room
with a nominal length of 230 m is 506 Mg (Baumgartner 1995)], dense backfill can
potentially consume about 1 x 105 mol of OH", assuming a uniform distribution of OH"
throughout dense backfill, before the porewater pH exceeds 9. This can be compared
with the total amount of OH that can potentially be released from LHHP concrete. The
total mass of LHHP concrete proposed for use in a disposal room is 1094 Mg
(Baumgartner 1995), and this material has a maximum Ca(OH)2 content of 0.5 wt.%
(Onofrei 1996). [Ca(OH)2 is the main source of OH' in concrete.] From this, the total
amount of OH that can potentially be released from the LHHP concrete in a disposal
room is 1.5 x 105 mol. Hence, the Lake Agassiz clay in dense backfill clay can neutralize
the bulk of the OH" that can potentially be generated by LHHP concrete in a vault.
Moreover, the dense backfill also contains 5 wt.% bentonite (Table 3-1) and this clay has
about the same buffering capacity as Lake Agassiz clay (Oscarson, unpublished data).
Thus, the pH buffering capacity of the dense backfill is even greater than indicated above.
This further ensures that the clay will not be markedly altered by contact with LHHP
concrete.
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The concrete pad is relatively far from the heat-generating waste containers. Therefore,
the temperature at the dense backfill/concrete interface will be comparatively low, and
clay transformations that are known to occur in high-temperature environments would not
occur in a disposal vault. Nevertheless, over long periods of time some alteration of the
clay at the dense backfill/concrete interface can be expected. This potential zone of
alteration, however, will likely be relatively thin (<1 cm) and will not significantly affect
the mass transport properties of the dense backfill.

The buffer and light backfill are also relatively far from the concrete pad. This, combined
with the fact that the dense backfill (and the surrounding rock mass) will neutralize most
of the OH" released from the concrete, means that the influence of the concrete on buffer
and light backfill will be negligible.

A secondary concern with concrete, and high levels of Ca2+, in the presence of bentonite
is the exchange of Ca2+ for Na+ on the exchange complex of bentonite. Complete cation
exchange from Na- to Ca-bentonite increases the permeability and diffusivity of
compacted bentonite by a factor of two to five (Choi and Oscarson 1996, Pusch 1981).
This increase, though, is relatively small and it would not markedly affect the
performance of buffer and backfill. Furthermore, in a vault environment it is not possible
to get complete exchange, since both Ca2+ and Na+ (as well as other exchangeable cations
like Mg2+ and K+) are present in the groundwater, i.e., bentonite will always contain a
mixture of several exchangeable cations. Hence, the increase in permeability and
diffusivity will be proportionately less than that reported for complete exchange.

On the other hand, the presence of Ca2+ on the exchange complex of bentonite retards the
illitization process more effectively than Na+ (Oscarson and Hume 1993, Roberson and
Lahann 1981). In this respect, the substitution of Ca2+ for Na+ on bentonite is beneficial.
Moreover, Choi and Oscarson (1996) noted that the exchange of Ca2+ for Na+ on
compacted bentonite may not alter its fabric (hence its transport properties would not
change markedly) because the clay particles have limited mobility in a compacted state,
and thus they cannot reorient as the proportion of Ca and Na on the clay changes. This
hypothesis requires further study, but if correct, it means that after some exchange of Ca
for Na on bentonite has occurred in a vault, the bentonitic barriers would maintain the
desirable fabric and transport properties of Na-bentonite, and also have the enhanced
stability of Ca-bentonite.

3.6.3 Radiation and Smectite Stability

The radiation field at the surface of a packed-particulate supported copper container is
estimated to be ~11 Gyh"1 (Chapter 4.4.6). Johnson et al. (1994b) showed that gamma
radiation at these levels does not significantly affect the structure or properties of clay
minerals. Other recent work supports this conclusion (Eissa et al. 1994).
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The arguments put forward by Johnson et al. (1994b) regarding the insignificant influence
of beta and alpha radiation on clay minerals, also apply to the buffer and backfill in the
present study.

3.6.4 Gas Generation and Migration

There are several sources of gas production in a disposal vault, as discussed by Johnson et
al. (1994b). These include generation of methane and CO2 in the buffer and backfill as a
result of microbial degradation of organic matter, and the production of H2 from the
corrosion of metals and the radiolysis of water.

Sheppard et al. (1996) have measured methane production rates in a number of systems,
including natural groundwater alone, backfill and groundwater, and clay and groundwater
and metallic iron. They observed methane generation only from systems containing
natural groundwater in the absence of clay. No measurable methane production occurred
in clay-based systems, even though reducing conditions were achieved. Based on these
observations, it has been assumed in the vault model that, if any methane were produced,
the rate would be slow enough that it would dissolve and diffuse from the vault without
exceeding the solubility of methane in groundwater.

In the assessment of H2 generation and transport, the present study differs considerably
from the previous case study (Johnson et al. 1994b) in two important respects. The first
is that no H2 is produced during corrosion of Cu, as opposed to the low production rate
arising from Ti corrosion. Secondly, there are expected to be very few container failures
(approximately 12) in the vault, thus, although the production of H2 from stainless or
carbon steel corrosion and radiolysis of water could produce local saturation of H2 within
defective containers, the H2 will be gradually dissolved as it migrates through the clay
barrier materials and into the surrounding rock. The transport of gas through saturated
bentonite-based buffer materials has been studied by Pusch et al. (1985) and Kirkham
(1995). The former concluded that gas channels would break through when the gas
pressure reached the swelling pressure of the buffer. Kirkham (1995), on the other hand,
observed breakthrough pressures of at least 10 MPa for buffer material with a swelling
pressure of only ~2 MPa. Nonetheless, it is reasonable to assume from these studies that
gas travels through the largest capillaries in the clay without significantly affecting the
hydraulic and diffusion properties of the buffer. It has thus been concluded that the
production and transport of gases would have no significant impact on water movement
and contaminant transport in the buffer and backfill.

The production of a gas phase within a failed container could have both beneficial and
detrimental effects. Gas could expel contaminated water from the container, thus
increasing release rates relative to diffusion. This scenario has effectively been
incorporated in the scenario where the pinhole is enlarged by formation of voluminous
iron corrosion products (see Chapter 6.5.3.5). An enlarged hole is equivalent to a rapid
release of contaminants into the buffer. After expulsion of contaminated water, further
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gas production would inhibit release by denying access of water to the used fuel in the
container.

37 MASS TRANSPORT IN THE EXCAVATION-DISTURBED
ZONE (EDZ)

In the present study we consider the EDZ explicitly, and describe quantitatively its effect
and relative importance in influencing groundwater flow and radionuclide transport in
heterogeneous media. The model for the EDZ encompasses a scale from a few metres to a
few hundred metres (the diameter and the length of a room in the vault and adjacent EDZ),
and assumes that microscopic material properties can be characterized by macroscopic
(continuum) parameters. It employs the equivalent porous medium approach to describe
flow and mass transport in the discrete fracture network of the disturbed zone. A key issue
in this approach is the formulation of all equivalent properties and the determination of the
size of the Representative Elementary Volume (REV) over which the homogenization is
valid. The REV is, in effect, a statistical index for the equivalence of properties between a
fractured medium and its continuum idealization. The REV itself is not explicitly
introduced; instead, the heterogeneities are described in the model as variations in effective
values of the EDZ attributes, based on representative, albeit conservative, probability
density functions (PDFs).

Permeability, porosity and dispersivity are the characteristics of the EDZ most important to
groundwater flow and transport of radionuclides. Whereas the permeability determines the
average flux of groundwater through the disturbed zone, the dispersivity determines the
spreading of radionuclides. The two attributes are related to each other and both depend on
the EDZ geometry. Underlying the choice of the conceptual model for the EDZ is the
observation in field studies that fractures occur mainly in the direction parallel (x) and
secondarily in a direction perpendicular (y) to the longitudinal axis of the emplacement
room.

The porosity affects the radionuclide capacity factor. The porosity in the EDZ is always
greater than that of the surrounding rock. The tortuosity would be more important in
instances where mass transport is dominated by diffusion.

Selection of both the PDF type and the relevant parameters (location, scale and shape of the
EDZ) is based on our understanding of typical ranges and statistics on fractured rock
properties. The suggested conceptual model of the EDZ geometry and the PDF assigned to
each parameter characteristic are estimates derived from theoretical studies (analytical
evaluations), laboratory data and limited field studies. The primary source of information
used to derive the input variables required by the Vault Model is data reported in the Stripa
Project Reports and SKB Reports (see references in Appendix B).

The suggested values for the vault model inputs are presented in Table 3-4 and further
information on the EDZ conceptual model is given in Appendix B.
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TABLE 3-4

PARAMETER VALUES FOR TRANSPORT IN THE EDZ1

CHARACTERISTIC/

PDF type

Parameters of PDF2 Lower

Bound

Upper

Bound

1) Extent, i.e., thickness (m) / Normal

M

1.40

SD

0.172 0.884 1.92

2) Permeability (m2) / Log-normal

a) Axial

b) Radial

GM

1.7 xlO1 7

GSD

3.4 x 10'

Truncated at 1.0 x 10"'7

1.0 xlO"17 6.7 x 10-'3

ky = k x /10

3) Dispersivity (m) / Uniform

A B

a) Axial (x-direcdon)

al) Longitudinal

a2) Transverse

14.6

0.175

45.1

0.542

14.6

0.175

45.1

0.542

b) Radial (y-direction)

bl) Longitudinal

b2) Transverse

1.46x10"'

1.75 x 103

4.51 x 10"'

5.42 x 103

1.46x10"'

1.75 x 10°

4.51 x 10 '

5.42 x 10"3

4) Porosity/Log-normal

GM

5 x 10"5

GSD

3.16 1 x 10"5 1

5) Tortuosity/Triangular

Maximum

3 2 8

1 See Appendix B for information regarding the derivation procedure, assumptions made and the
transformation employed for ihe logio distribution; values from the table may differ slightly from the
values used in the simulation calculation due to rounding.

2 Where M is the arithmetic mean, SD is the standard deviation of data in the original units, GM is the
geometric mean, GSD is the geometric standard deviation, and A and B are the interval limits of a
uniform density function.
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4. LIFETIME MODEL FOR COPPER CONTAINERS

4.1 INTRODUCTION

The reference container for the present study is based on an outer corrosion barrier of
deoxidized low-phosphorus (DLP) copper (see Chapter 2.5). Two conceptual designs for
such a container, the packed-particulate and dual-shell container designs, are described in
Chapter 2.4. As shown below, failure of these containers as a result of corrosion is not
expected in <106 a (King and Kolar 1995,1996; Kolar and King 1996b). Therefore, the
only containers that would fail before this time are those emplaced with undetected
manufacturing defects (Chapter 2.6). More detailed discussion of the corrosion model
described below can be found in King (1996a-d) and Kolar and King (1996b).

4.2 CONTAINER DESIGN AND STRUCTURAL PERFORMANCE

The packed-particulate container design for in-room emplacement (Fig. 2.2) is an
adaptation of the design described by Simmons and Baumgartner (1994) and has been
described by Teper (1992)3. In this design, 72 used fuel bundles are placed in stainless
steel tubes in two layers of 36 bundles each. The container is shorter and has a larger
diameter than the Ti-shell packed-particulate container designed for the previous case
study, in which the fuel bundles were in four layers of 18 bundles each. To facilitate
horizontal installation of the container into the precompacted buffer, the container-lifting
ring attached to the top head is designed to maintain a level profile along the container
length. Further details on emplacement procedures are given by Baumgartner et al.
(1996).

A structural analysis of the copper-shell packed-particulate design, assuming compacted
particulate such as glass beads or silica sand as the supporting material for the shell, was
conducted by Teper (1995). In a perfectly packed container (i.e., with no residual void or
further settlement of the paniculate following container closure) and under 13 MPa
external pressure4, local tensile strains of up to 2.1% can occur by plastic deformation of
the shell. Because copper is a ductile material, typically able to deform plastically to
uniaxial strains exceeding 30% at its ultimate tensile strength (Kasprick, unpublished
data), such strains are well within the limits of acceptability for this container design.

A structural analysis of a container in which an internal void develops through further
settlement of the glass-bead paniculate was also conducted by Teper (1995). The
potential for such settlement is based upon the observation of this phenomenon in the

3 The dimensions shown in Figure 2.2 reflect the effects of certain design changes (Teper 1994,
Crosthwaite 1994a) from the original container concept presented in Teper (1992).

4 Consisting of 10 MPa hydrostatic pressure due to groundwater at a maximum vault depth of 1000 m, plus
a maximum of 3 MPa buffer-swelling pressure.
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testing of a full-scale titanium-shell packed-particulate container prototype of borehole-
emplacement design (Teper 1988, Johnson et al. 1994a). For a volumetric settlement of
the same magnitude as that observed in the prototype packed-particuiate borehole-
emplacement container, the maximum gap height between the container shell and the
paniculate would be 25.1 mm. Under 13 MPa hydrostatic pressure, the container shell
would initially deform to produce a strain of 8.7% and this could, under the effects of
material creep, increase to as high as 24%.

Creep tests on DLP copper conducted for the Swedish program (Lindblom et al. 1995)
have shown that uniaxial strains to failure of as high as 80% can be achieved under some
test conditions. However, other tests incurred strains to failure of as low as 9% and
therefore, while DLP copper generally exhibits good creep-rupture ductility, it is currently
uncertain whether 24% would fall within acceptance criteria for allowable creep strain.
Such acceptance criteria have not yet been established.

Alternative container-design approaches are under investigation, specifically:

(1) Use of alternative particulates (e.g., silica sand) with higher strength and less
tendency for additional settlement, and

(2) Use of a carbon-steel inner shell for structural support.

Investigations of alternative paniculate materials are focused on the use of graded silica
sands. Previous studies (Teper 1987) have shown that such sands have the potential for
very high compressive strength (>50 MPa) which, for a container designed with a lifetime
of 106 a or more, would be able to withstand the combined effects of glacial loading
(maximum hydrostatic pressure of 40 MPa) plus the buffer-swelling pressure (2.5 MPa).
The current investigations include studies of ease of compaction, short-term mechanical
properties, tendencies for further settlement and creep-deformation behaviour. The creep-
deformation studies will generate data that will be used to predict the creep-rupture life of
the copper shell according to a methodology proposed and described by Dutton (1995).

Investigations of container designs employing a carbon-steel inner shell for structural
support are also underway (Garroni et al. 1996). From these studies, a container designed
to withstand an external pressure of 50 MPa without collapse has been developed
(Fig. 2.3). Note that in this design, the use of a 65-mm-thick inner steel shell would
require some increase in the overall container dimensions from those of the packed-
particulate design. Studies are underway to determine the creep-rupture life of the copper
shell in steel-shell-supported designs.

On the assumption of adequate long-term structural durability, the container-shell lifetime
would be limited only by corrosion which would not lead to failure within 106 a.
Therefore, for periods up to at least 106 a (see Chapter 4.5.2), performance assessment of
the disposal vault would be based on those containers with an initial undetected defect,
i.e., the fraction of containers possessing initial manufacturing defects that have eluded
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detection because the combination of their size and population is below the limits of the
final-inspection equipments detection capabilities. Based on fabrication development
work (Crosthwaite 1994b; Maak 1984, 1987, 1988; Moles 1992), Crosthwaite (1995) has
estimated that the range of the diameter of a through-wall hole in a copper-shell container
that could elude detection during inspection would be 0.3 to 3 mm. Based on analyses
conducted by Doubt (1984), the proportion of finished containers possessing such flaws
would be between 1 in 1000 and 1 in 10 000.

4.3 EVOLUTION OF VAULT CONDITIONS

During the lifetime of the containers, the vault environment will evolve from an initial
phase of warm, oxidizing conditions to a cool and anoxic period (Fig. 4.1). The corrosion
behaviour of the containers will change with time as a result of this evolution in
environmental conditions. For the corrosion of Cu, the most important environmental
parameters are the availability of oxidants, the restrictive mass-transport conditions and the
salinity of the groundwater.

100

Oxidizing ~ 80

Warm, oxidizing
Period

Cool, Non-oxidizing -
Period
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Non-Oxidizing
10 102 103

Time Since Emplacement (a)
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FIGURE 4.1: Schematic Representation of the Evolution of the Vault Environment from
an Initial Warm, Oxidizing Period to a Long-term Cool, Anoxic Phase
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The major source of oxidant in the disposal vault is the O2 trapped in the pores of the
compacted buffer and backfill materials surrounding the container. For the in-room vault
design, the amount of O2 trapped in the buffer and light and dense backfill layers in the

disposal rooms when the vault is sealed is equivalent to -27 molcontainer"1. The only other
source of oxidizing species is the y-radiolysis of water. Gamma-radiation effects will be
insignificant after 300 a (equivalent to 10 half-lives of 137Cs) and, even initially, the yield of
radiolysis products is expected to be low because of the small absorbed dose rates at the
surface of the container (maximum ~11 Gyh1). Therefore, the amount of extra oxidants
produced by y-radiolysis will be insignificant compared with the amount of trapped O2.

The trapped O2 in the buffer and backfill materials will be consumed by a number of
reactions (Kolar and King 1996a): (i) the electrochemical reduction of O2 on the container
surface, (ii) the oxidation of dissolved Cu(I) corrosion products, (iii) the oxidation of
organic C, possibly microbially mediated, and other oxidizable impurities (Fe3C>4, metallic
Fe) present naturally in clay (Oscarson and Dixon 1989, Osearson et al. 1984), (iv) the
oxidation of Fe(II) released by the dissolution of biotite, magnetite and pyrite in the crushed
granite in the dense and light backfill materials, and (v) diffusion out of the vault into the
geosphere where it would be consumed by the oxidation of Fe(II) in the rock. In a
conceptual Canadian disposal vault, the trapped O2 is predicted to be consumed by these
reactions in between -6 and several thousand years, depending on the assumptions made in
the calculations (Johnson et al. 1994b, Kolar and King 1996a). Fig. 4.2 shows the predicted
evolution of [O2] within the disposal vault in the case where the O2 is consumed in -670 a.
This period of -670 a to consume the O2 and to establish anoxic conditions within the vault
defines the maximum duration of the initial warm, oxidizing phase of the vault evolution.

The variation of vault temperature with time (Fig. 3-1) also affects the evolution of vault
conditions. Initially, the buffer material may partially dry out as heat from the container
drives moisture away from the surface. In unsaturated buffer, the rate of O2 transport to the
container is higher than in fully saturated buffer (King and Kolar 1995). Corrosion,
however, may be limited because insufficient water will be present on the container surface
to support aqueous electrochemical reactions (King 1996a). Eventually, the vault is
expected to become fully saturated, at a rate that will depend on the relative rates of water
movement away from the container due to the thermal gradient and water influx from the
surrounding rock. As the vault continues to cool with time (as illustrated by the container
surface temperature profile in Fig. 4.1), the rates of chemical and electrochemical reactions
and of mass transport processes will decrease.

4.4 THE CORROSION OF COPPER CONTAINERS

4.4.1 Uniform Corrosion

A detailed corrosion mechanism has been proposed for the uniform corrosion of Cu in
O2-containing CY environments (Fig. 4.3). The results of various experimental studies on
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which Fig. 4.3 is based are summarized below, and described in more detail elsewhere
(Shoesmith et al. 1995a; King 1996a).

The corrosion behaviour of Cu containers will be affected by the availability of O2, the low
rate of mass transport of species to and from the container surface and the predominance of
Cl in the pore solution. Figure 4.4 shows the E/pH diagrams for Cu in CI/H2O for
various [Cl]. The corrosion behaviour of Cu observed under simulated disposal
conditions can be rationalised with this relatively simple E/pH diagram, despite the
apparent complexity of the corrosion environment. The overall corrosion reaction is not
at equilibrium, however, as the use of a thermodynamically based E/pH diagram implies,
but Fig. 4.4 is useful for interpretation of the observed behaviour.

The results of corrosion experiments in compacted buffer material show that the
corrosion rate of Cu under simulated disposal conditions is controlled by the rate of mass
transport of species through the buffer (King et al. 1992). This is hardly surprising since
the rates of the interfacial dissolution of Cu and the reduction of O2 are relatively fast,
whereas the diffusion coefficients of dissolved Cu and O2 in buffer are approximately two
orders of magnitude lower than in bulk solution. In aerated buffer material, good
agreement is found between the observed corrosion rate and that predicted on the basis
that the diffusion of Cu(II) away from the surface is the rate-determining step (rds) (King
et al. 1992). At lower [O2], or in simulated vault environments in which the amount of
O2 is limited, modeling predictions suggest that the corrosion rate is controlled by the rate
of supply of O2 to the Cu surface (King et al. 1996).

The speciation of dissolved and precipitated Cu corrosion products depends on the [O2]
and [Cl~]. In compacted buffer material saturated with various synthetic groundwater
solutions, Cu(II) species predominate at high [O2] and/or low [Cl], whereas Cu(I) species
predominate at low [O2] and/or high [Cl] (King 1996a). The dominant Cu species can be
identified based on (i) the nature of the precipitated corrosion products on the surface of
the Cu coupon, (ii) the concentration of Cu in the buffer material close to the corroding
surface and (iii) the extent of the Cu diffusion profile in the compacted buffer material.

Precipitated Cu(II) species are present as CuCl2-3Cu(OH)2 and Cu(I) as Cu2O (Litke et al.
1992). The total [Cu] in the buffer next to the corroding surface is high in the presence of
Cu(II) because Cu(II) is strongly adsorbed by Na-bentonite (Ryan and King 1994).
Similarly, Cu diffusion profiles in the buffer from corrosion experiments are steep and
short because adsorption retards the diffusion of Cu(II). On the other hand, when Cu(I) is
the dominant soluble corrosion product (stabilized in Cl" solutions as CuClj, Fig. 4.4)
interfacial [Cu] are low and diffusion profiles are shallow and extended because the
anionic Cu(I) complexes are not adsorbed by the clay. Cupric species are formed from
the homogeneous oxidation of Cu(I) by O2 (Sharma and Millero 1988). The reaction rate
is first order with respect to [O2] and the value of the rate constant (ki in Fig. 4.3) is
inversely related to [Cl]. Thus, at high [O2] and/or low [Cl] Cu(II) species predominate,
whereas at low [O2] and/or high [Cl] Cu(I) is stable (King 1996a).
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Under all conditions investigated, precipitated corrosion products were found on the surface
of the Cu coupon at the end of the experiments in compacted buffer. In aerated solution, a
duplex structure was observed consisting of an inner layer of CU2O and an outer layer of
CuCl2-3Cu(OH)2 (Litke et al. 1992). In solutions in which Cu(I) was found to predominate,
the outer CuCl2-3Cu(OH)2 layer was absent. In all cases, however, neither layer was
entirely protective. The outer layer was usually incomplete (King 1996a) and the inner
Cu2O layer contained numerous cracks and defects. Although the mechanism of film
formation has not been studied in detail (King 1996a), the Cu2O layer is most likely formed
from the hydrolysis of either a CuCl layer or of dissolved CuCl ~. The CuCl2-3Cu(OH)2

layer forms by the precipitation of Cu(II), produced from the homogeneous oxidation of
Cu(I) by O2 (King 1996a).

The surface profiles of the corroded coupons were measured after the corrosion products
had been stripped. Figure 4.5 shows, on a much expanded vertical scale, that, although the
surface was roughened, the corrosion is relatively uniform in nature. In particular,
comparison of the corroded profile to that of the original surface shows that all areas of the
surface are attacked and that no permanent separation of anodic and cathodic sites, a
prerequisite for localized corrosion, takes place.
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FIGURE 4.5: Typical Surface Profile of Copper Coupon After Exposure to
Synthetic Groundwater Solution in Compacted Buffer Material at
100°C (Litke et al. 1992). Note that the entire surface has undergone
corrosion to different extents resulting in roughening of the surface.
This type of surface roughening is not consistent with pitting
involving the permanent separation of anodic and cathodic sites.
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Much of the detail regarding the mechanism of the interfacial reactions shown in Fig. 4.3
has come from the results of electrochemical experiments in bulk solution. Thus, Cu
anodically dissolves in Cl" solutions as CuCl 2 via an adsorbed CuCl^ intermediate
(Deslouis et al. 1988, King and Litke 1989)

Cu + CY <-> CuClads + e" (4.1)

CuClads + Cl <-> CuCl" (4.2)

CuCl" (surface)-* CuCl\ (bulk) rds (4.3)

The major cathodic reaction on the container surface will be the reduction of O2. In neutral
and slightly alkaline (pH 9.2) solution, oxygen reduction occurs primarily by the overall
4-electron pathway to OH" (Vazquez et al. 1994; King et al. 1995a,b)

O2 + 2H2O + 4e->4OH" (4.4)

Surface redox processes involving Cu(I) species are thought to catalyze the reaction. Only
small amounts of peroxide were reported to be formed in both studies.

In O2-containing CY solutions, Reactions (4.1) to (4.4) describe the interfacial anodic and
cathodic reactions that determine the corrosion potential, ECORR- In aerated bulk solution,
the anodic reaction is mass-transport controlled at ECORR and the cathodic reaction is
controlled by the interfacial step. As the [O2] is decreased, the cathodic reaction becomes
increasingly mass-transport limited, but, because the interfacial rate constant for O2
reduction is small compared with the rate of mass transport (King et al. 1995a,b), the
cathodic reaction does not become totally mass-transport limited, even in nominally
deaerated solution (King et al. 1995c). If the rate of mass transport to the corroding surface
is reduced by placing a 1 -mm-thick layer of compacted bentonite between it and the bulk
solution, both reactions become mass-transport limited. Good agreement is observed over a
wide range of [O2] and mass-transport conditions between measured and predicted values of
ECORR on the basis of this set of reactions and experimentally measured rate constants (King
et al. 1995c).

4-4.2 Pitting

Pitting of Cu, although well known, is a relatively rare phenomenon. The pitting of Cu
pipes in potable water has been extensively studied, and various mechanisms proposed
(Campbell 1974). This form of pitting is limited to certain types of fresh water found in
specific locations and only affects a small fraction of installed pipes (Myers and Cohen
1995). The difference between pitting waters and Canadian Shield groundwaters is the
predominance of Cl" and the absence of O2 in the latter. As discussed above, Cl" promotes
the active dissolution of Cu. Although Cu2O films are formed in Cl" environments, they
tend to be porous and extensively defected (King 1996a). Nevertheless, the surfaces of Cu
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samples exposed to simulated disposal conditions do exhibit some roughening (Fig. 4.5),
and Cu and Cu alloys buried for extended periods also show localized attack (Romanoff
1957; Bresle et al. 1983). Therefore, it is judicious to consider the possible pitting of Cu
containers.

Figure 4.6 shows a cross-section through a so-called copper Type I pit (Lucey 1967). Such
pits are characterized by a crust of precipitated basic Cu(H) salts and CaCO3 covering a pit
containing Cu2O and CuCl. Initiation involves the formation of a CuCl pocket in a
protective Cu2O layer. The formation of the crust leads to the development of an occluded
region and permanent separation of the anodic and cathodic sites. According to Lucey
(1967), both the anodic and cathodic sites are located within the occluded region formed by
the crust, a porous Cu2O membrane separating the anodic region underneath from the
cathodic region in the top half of the pit. Others suggest a more conventional distribution of
anodic and cathodic sites; anodic dissolution within the occluded region being supported by
O2 reduction on Cu2O-covered surfaces outside the pit (Campbell 1974). Type II pits are
covered by a basic cupric sulphate crust, but less mechanistic information is available for
this form of pitting (Campbell 1974).

Pitting of these types would not lead to the development of the surface profiles observed
under simulated disposal conditions (Fig. 4.5). Types I and II pitting would produce
localized penetrations but most of the surface would be unattacked. To explain the form of
the profiles in Fig. 4.5, King (1996a) has suggested a mechanism for underdeposit corrosion
involving many of the processes included in Lucey's pitting mechanism, but in which
propagating pits either die or coalesce. Pit death occurs when the aggressive pit solution

Ca(HCO3)2
W a t e r Basic cupric salts

and calcium carbonate

Cuprous oxide membrane

Crystalline cuprous
oxide

Cu Copper
Cuprous chloride

FIGURE 4.6: Cross-section Through a Typical Type-1 Pit on Copper (Lucey 1967)
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can no longer be sustained, either because the crust breaks permitting access of the bulk
solution or because the slow rate of O2 supply is insufficient to maintain the necessary rate
of Cu dissolution within the pit. Repeated pit initiation, propagation and death events
distributed over the entire surface would lead to the type of surface roughening illustrated
by Fig. 4.5. At this stage, however, the experimental evidence required to support this type
of mechanism is not available. In addition, a model to predict the extent of surface
roughening for comparison with experimental surface profiles has not been developed.

Instead, King and LeNeveu (1992) have performed an extreme-value analysis of literature
pit-depth data, and applied the results to the prediction of the long-term pitting behaviour of
Cu containers. These data (Romanoff 1957; Bresle et al. 1983) were measured on various
Cu alloys exposed to different soil types for extended periods (up to -3000 a). This analysis
allows the probability of the maximum pit depth exceeding a given value to be predicted as
a function of time. In order to take into account the decreased likelihood of pitting of Cu
containers as the vault environment evolves, a maximum pitting period is defined. In their
original analysis, King and LeNeveu (1992) assumed that pitting was possible indefinitely
because the vault was assumed to be continuously aerated. Nevertheless, the probability of
the pit depth exceeding 9 mm on a container in 106 a was predicted to be <10"9 (a
subsequent reanalysis indicates that this probability is in fact <10"21). Other criteria for the
maximum pitting period are the duration of the warm, oxidizing period (based on the
assumption that O2 is required for pit propagation) or the period over which Cu(II) species
are present at the container surface (based on the presumption that the electrochemical
reduction of Cu(II) can also support pitting). In a subsequent analysis, King et al. (1994a)
estimated that the probability of a pit exceeding 5 mm in depth after 1000 a was <10". A
period of 1000 a exceeds the duration of both the warm, oxidizing period (670 a, Fig. 4.2)
and the time required to reduce the [O2] in the vault below the threshold [O2] of 3 ugg 1 ,
suggested by Myers and Cohen (1995), below which pitting would not occur.

4.4.3 Atmospheric Corrosion

The buffer and backfill materials surrounding the container will be unsaturated for some
time following closure of the vault. During this unsaturated period, the corrosion behaviour
of the container will depend on the availability of H2O at the container surface. If the
surface of the container is dry, corrosion will take the form of slow gas-phase oxidation. If
the container surface is wet, electrochemically based corrosion reactions may be possible
(generally, 15 to 90 layers of water are considered necessary for aqueous corrosion, Shreir
1976). Water forms on corroding surfaces in moist atmospheres either through adsorption
or because of a lowering of the interfacial water activity through a combination of osmotic
and capillary pressures (Shreir 1976). An osmotic pressure can develop because of the
precipitation of hygroscopic salts. Capillary forces develop if the corroding surface is
covered by a porous corrosion-product or precipitated layer. The same factors (adsorption
and osmotic and capillary pressures) acting in the buffer material will tend to prevent H2O
from reaching the container surface. Unsaturated buffer material develops a suction
potential, consisting of a matric potential (caused by the capillary pressure generated by the
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porous nature of the buffer) and an osmotic potential (due to the presence of solutes in the
pore fluids).

It is difficult to predict which of these surfaces (the corroding surface or the surfaces of the
clay particles) will be wetted preferentially during the unsaturated phase. The two situations
represent opposite extremes in terms of the consequences for container corrosion.
Oxidation of the container surface in relatively dry air will be slow (ASM 1987; King
1996a,b), especially at the expected surface temperatures (<80°C). If the container surface
is covered by a thin H2O layer, however, corrosion could be rapid due to the fast supply of
O2 through unsaturated buffer material (King and Kolar 1995). However, although the
corrosion rate may be higher in unsaturated buffer material, the total extent of corrosion of
the container will be the same because it is limited by the amount of available O2. Thus, the
effect of unsaturated conditions may be to shorten the duration of the initial oxidizing
period by using up the O2 more rapidly (King and Kolar 1995).

4.4.4 Microbially Influenced Corrosion

Although it is now widely accepted that some form of microbial activity within the disposal
vault is likely (Stroes-Gascoyne and West 1994), the potential for microbially influenced
corrosion (MIC) will be strongly influenced by the evolution of environmental conditions
(Chapter 4.3). Initially, conditions would be sufficiently aggressive that no microbial
growth will occur close to the container surface (King and Stroes-Gascoyne 1995). The
combined effects of heat, y-radiation and desiccation of the buffer material may even be
sufficient to kill microbes close to the container, leading to the formation of a sterilized
zone some tens of centimetres thick (King and Stroes-Gascoyne 1995). Therefore, biofilm
formation on the container surface is likely to be impossible for several hundred years after
emplacement of the container, and may never occur if microbes cannot repopulate the
sterilized zone created around the container (Stroes-Gascoyne and West 1994). Further
away from the container where conditions will be less aggressive, microbial activity is
possible. The type of microorganisms that grow will be affected by the availability of O2.
In the initial aerated phase, the growth of both aerobic and (in anoxic microenvironments
underneath biofilms) anaerobic bacteria is possible. Once the trapped O2 has been
consumed, however, only anaerobic bacteria will be viable.

There are numerous reports of MIC of Cu alloys in near-surface environments in the
literature, but few of them have direct relevance to the MIC of Cu containers in a deep
underground disposal vault (King 1996c). Most literature reports deal with either the MIC
of Cu alloys (usually Cu-Ni alloys) in seawater or the microbially influenced pitting of Cu
in fresh waters. In all cases, MIC is associated with the formation of a biofilm on the Cu
surface. As discussed above, however, these forms of MIC will not occur for some time,
possibly never, because of the absence of biofilms on the container surface. In addition,
most of the literature reports of MIC involve periodic changes in the aeration of the
environment. Thus, the reported cases of MIC of Cu alloys in seawater by sulphate-
reducing bacteria (SRB) generally involve heat-exchangers exposed to tidal or estuarine
waters, in which the tidal action produces alternating aerobic and anaerobic environments.
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As a consequence, SRB-produced HS" forms sulphide corrosion products during anaerobic
periods, which are either sloughed off exposing the underlying metal during subsequent
aerobic periods, or catalyze O2 reduction, also leading to accelerated corrosion (King
1996c). Similarly, periodic stagnant periods interspersed with periods of flowing aerated
tap water in institutional buildings is believed to be the cause of the microbially influenced
pitting of Cu water pipes in various hospitals, schools and government buildings (Fischer et
al. 1988; Chamberlain and Angell 1990).

Since the MIC literature is not particularly useful in determining the possible forms of MIC
of Cu containers, the expected behaviour has been assessed based on the known metabolic
processes of microbes, the expected evolution of environmental conditions within the vault
and the various abiotic and microbial corrosion mechanisms in the literature. No
accelerated forms of MIC underneath biofilms are possible for several hundred years after
the emplacement of the containers because of the absence of biofilms on the container
surface. It is unlikely that metabolic by-products (such as NH3, HS" or organic acids)
produced in more temperate areas of the vault could reach the container surface during this
period, because they would be consumed either by other microbes or by reaction with O2 or
Fe in the buffer before reaching the container surface. At longer times, microbial activity
could occur throughout the buffer and backfill materials. However, the restrictive mass-
transport conditions in the sealing materials will likely inhibit microbial activity in general,
because of the poor availability of nutrients, and prevent repopulation of the sterilized zone
around the container in particular, because of the small pore size of the buffer material
(Stroes-Gascoyne and West 1994). Therefore, the only form of MIC of concern is that due
to the diffusion of microbial metabolic by-products produced in remote locations of the
vault to the container surface. Since this would occur during the cool anoxic period in the
evolution of vault conditions, it is expected that SRB and the HS" that they produce will be
most likely to lead to corrosion.

It has been shown that HS" can diffuse through buffer material and affect the corrosion
behaviour of Cu (King and Stroes-Gascoyne 1995). Any effect due to sulphide produced by
SRB away from the container is likely to be small, however. The maximum steady-state
corrosion rate produced by the diffusion of HS" across a sterile zone 40-cm-thick for a
constant [HS"] of 3 (Xg.g1 is predicted to be only 1 x 10"3 jxma"1 (King and Stroes-Gascoyne
1995) (3 jxg.g"1 is the maximimum [HS"] observed in our MIC experiments (King and
Strandlund unpublished data)). Gascoyne and Kamineni in a 1992 study report no
detectable sulphide in groundwaters at the URL. More recently, Gascoyne et al. (1995)
reported measurable sulphide in a number of URL samples, but the sulphide may have been
produced by microbial contamination caused by the sampling procedure.). Therefore, even
if sufficient nutrient were available to support microbial activity at a rate of 1 x 10"3 |ima"'
for 106 a, the maximum additional damage to the container would only amount to ~1 mm.
Consequently, because of the limited impact of MIC on container lifetimes, we have chosen
not to include MIC in the current version of the corrosion model.
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4.4.5 Stress-Corrosion Cracking

Stress-corrosion cracking (SCC) would lead to relatively rapid failure of the container if
cracking were to initiate and if conditions were suitable for crack propagation. Therefore, it
must be demonstrated that SCC will either not initiate or that the conditions necessary for
crack propagation will not exist. The SCC literature on a-brass in ammonia solutions and
on Cu in ammonia, nitrite and organic acids has been reviewed and the potential for SCC of
Cu containers assessed (King 1996d). Three main mechanisms have been proposed to
explain the SCC of Cu: (i) a film-rupture/anodic dissolution model, in which the crack
advances by anodic dissolution at the bare crack tip following rupture of a protective film,
(ii) a tarnish-rupture mechanism, in which crack advance occurs by rupture of a tarnish
(oxide) film, and (iii) a film-induced cleavage model, in which a brittle cleavage-like crack
is initiated in a thin surface layer and then propagates for a significant distance into the
underlying metal.

The major argument against SCC of the containers is that the necessary combination of
stress and a suitable corrosive environment will not be present simultaneously in the vault
(King 1996d). In particular, all three proposed mechanisms require a certain degree of
crack-tip strain in order for the crack to propagate. In the film-rupture/dissolution and
tarnish-rupture mechanisms, crack-tip strain is required to fracture the CU2O film at the
crack tip. In the case of cracking by a film-induced cleavage mechanism, crack-tip strain is
not only required to initiate the crack in the surface layer but is also necessary to
continuously fracture load-bearing ligaments between the cleavage-like facets. Without
continuous straining, cleavage cracks in Cu stop after propagating 20 fxm (Sieradzki et al.
1984). For the two container designs presented in Chapter 2.4, rapid strain of the Cu shell
will only occur as the hydrostatic and buffer swelling pressures are imposed on the
container, and then only until such time that the gap between the outer Cu shell and either
the inner C-steel liner or packed particulate is closed. The long-term strain of the Cu
shell due to creep of the packed particulate would involve strain rates much lower than
those at which SCC has ever been observed to occur (perhaps 10~10 s'1, governed by the
creep rate of the particulate). SCC is probably not possible at such low strain rates
because the time interval between film rupture events (determined by the strain rate and
the critical strain required for film fracture) becomes so long that the crack is stifled by
oxide growth or blunted by dissolution of the crack walls.

As well as a sufficient strain rate, the environment must meet certain requirements for
SCC to occur. The environment must be able to support either dissolution at the crack tip
or the formation of a brittle oxide or tarnish layer. As discussed above, the amount of
available oxidant is limited, so that these latter requirements are also only met for a
limited period of time. The presence of Cl" is also expected to inhibit SCC, either

because of the formation of a protective layer of CuCl2-3Cu(OH)2 which prevents further
oxide growth or because Cl" increases the pore size in the surface layer through surface
diffusion of copper atoms, destroying the microporosity believed to be a requirement for
the surface layer that initiates cleavage cracks (King 1996d). Chloride will also be
incorporated into the CU2O layer, which may affect its critical fracture strain and its
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ability to initiate cleavage cracks. One or more of these effects may be responsible for the
observation that Cl inhibits the SCC of a-brass in ammonia solutions (King 1996d).

In addition to the effects of Cl and the lack of oxidant, the environment will not support
SCC because of the absence of known agents for SCC of Cu, since, unlike stainless
steels, chloride does not induce SCC of Cu. Microbial activity within a biofilm could
conceivably result in the formation of NH3, NOj and organic acids, all of which have
been shown to cause the SCC of Cu (King 1996d). As argued above, however, biofilms
will not be present on the container surface during the critical period for SCC when O2

will be available and when the container is undergoing strain. Alternatively, these species
could be produced by the y-radiolysis of moist air during the unsaturated phase, although
the formation of NOj or organic acids is unlikely (King 1996d). However, the quantities
of radiolysis products will be small because of the small radiation fields (-11 Gyh"1).
Although a small amount of NH3 could be produced by radiolysis (King 1996d), moist air
will only be present before the imposition of the external loads, so that, apart from the
effect of any residual manufacturing stresses, the container will not be undergoing strain
during this period.

Phosphorous-containing Cu alloys, such as the DLP alloy specified for the container,
have been shown to have an increased susceptibility to SCC in tarnishing ammonia
atmospheres (Thompson and Tracy 1949). Increased susceptibility was observed for P
contents >40 (igg1 compared with a current specification of 50 lig-g'1 P for DLP Cu.
Refinement of this experimental alloy could presumably result in a lowering of the P
content below that found to increase the SCC susceptibility. In all other respects, the
corrosion behaviour of DLP Cu is expected to be the same as that of oxygen-free
electronic Cu (OFE, UNS 10100), on which much of the supporting experimental
evidence is based.

In general, therefore, SCC of Cu containers is extremely unlikely because: (i) the
container will undergo significant strain for only a limited period of time, (ii) known SCC
agents are unlikely to form in sufficient quantities; and, even the small amount formed
will not be present during the period of container strain, and (iii) the general lack of
oxidant in the vault and the inhibitive effects of Cl" further reduce the likelihood of SCC.

4.4.6 Effect of y-Radiation

Radiolysis of the environment by y-radiation could potentially alter the corrosion behaviour
of the container by producing aggressive species and by acting as an additional source of
oxidants. In general, however, the effect of these processes, in particular the production of
oxidants, is expected to be small because of the low absorbed dose rates.

During the unsaturated phase, the radiolysis of moist air may lead to the fixation of
nitrogen. Reed and Van Konynenburg (1991) have considered the possibility of N-acid, N-
oxide and NH3 formation. The yield of NO, depends on the availability of H2O, having a
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maximum value at 50% relative humidity (RH). At lower RH, HNO3 decomposes to NO2

and H2O (Jones 1959), so that the yield of nitric acid near the container may be limited by
the availability of H2O. Nitrous acid is rarely identified as a major product. In either case,
the acidification due to radiolytically produced N-acids (or the alkalization due to NH4OH)
would be offset by the pH-buffering capacity of the Na-bentonite clay surrounding the
container. The formation of N-oxides, such as NO, N2O and NO2, although reported, would
be unlikely to have any effect on the corrosion of the container since they do not appear to
participate in interfacial reactions. Ammonia is observed as a product of moist air
radiolysis, even though the production of OH radicals from H2O would suggest that
conditions would be too oxidizing to fix nitrogen in the reduced form. Reed and Van
Konynenburg (1991) report a maximum concentration 0.0026 mol% (26 vppm) at an
absorbed dose of ~9 x 104 Gy. At higher doses, the [NH3] decreased, being only 7 vppm at
4 x 105 Gy. For comparison, these doses would be achieved at the surface of a Cu container
after -0.9 and 4.4 a, respectively (assumed absorbed dose rate 11 Gyh"1, ti/2 = 30 a), after
which the [NH3] will decrease as it is consumed in further radiolysis reactions.

After saturation of the vault, the radiolysis of the liquid phase will become more important.
However, the significance of liquid-phase radiolysis reactions will depend on the time for
saturation. If saturation is delayed for, say, 120 a (four times the half life of 137Cs), the
maximum surface absorbed dose rate will have decayed to -0.7 Gyh"1 and any effect on the
corrosion behaviour of the container will be minimal. King and Litke (1987) did not
observe a positive shift in ECORR of Cu in deaerated synthetic groundwater at 150°C when

irradiated at a dose rate of 27 Gyh"1 (at least 2.5 times the maximum dose rate for a
container), and hence concluded that there was no significant formation of oxidizing
radiolysis products at such dose rates.

In support of these arguments, no deleterious effect of y-radiation (dose rate 5 Gyh"') has
been observed during long-term (up to 5 a) irradiated corrosion tests under simulated
Canadian disposal conditions (King and Ryan, unpublished data). Stressed samples
(U-bends and creviced double U-bends) showed no sign of SCC when exposed to either a
vapour phase, compacted buffer material or bulk solution. No crevice corrosion was
observed on the creviced U-bend and non-stressed crevice samples, the extent of corrosion
being limited to the formation of interference colours.

44.7 Corrosion of Welds

Testing of electron-beam welded Cu samples has consisted of exposing planar welded
specimens to irradiated environments consisting of a saturated vapour phase, synthetic
groundwater, and compacted buffer material (King and Ryan, unpublished data). In the
tests completed to date, no preferential corrosion of the welded samples has been observed.

4.4.8 Other Forms of Corrosion

The only major type of corrosion that has not been considered here is crevice corrosion
(CC). Crevice corrosion of Cu alloys is usually associated with the formation of a
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differential copper-ion concentration cell, rather than the classic type of CC involving
differential aeration (ASM 1987), regions of the surface in contact with a low copper-ion
concentration acting as the anode, with regions of high concentration acting as the cathode.
Thus, the reduction of copper ions on cathodic sites drives copper dissolution in anodic
regions. This form of CC is self limiting, however, the concentration of dissolved copper
increasing in anodic regions until the differential concentration cell no longer exists. For
this reason, practical cases of CC of Cu alloys, when observed, are usually limited to
<400 u.m in depth (ASM 1987). However, in long-term (up to 5 a) irradiated corrosion tests
under simulated disposal conditions, no CC was observed on either creviced U-bend or
creviced planar specimens (King and Ryan, unpublished data).

Unlike many materials, hydrogen (whether formed radiolytically or by corrosion) has little
effect on the mechanical properties of Cu. The only known cause of failure due to hydrogen
is the so-called "hydrogen sickness" that affects oxygen-containing alloys when exposed to
hydrogen atmospheres at temperatures above the critical point of water (ASM 1987).
Oxygen-free Cu alloys, such as OFE and DLP, are immune.

4.4.9 Natural Analogues

One of the benefits of Cu as a candidate container material is that there are natural
analogues that can be used as evidence to justify long-term corrosion predictions. These
analogues are in the form of native Cu deposits and man-made Cu and bronze artifacts.

Two studies of man-made analogues have been used in our assessment of the long-term
corrosion behaviour of Cu containers. One of these studies (King 1995) has been used to
justify the corrosion mechanism on which the long-term prediction of the behaviour of Cu
containers is based (Fig. 4.3). This involved the reanalysis of a study of a bronze cannon
that had been submerged in seabed clay sediments in the Baltic Sea for 316 a, and which
has been used as an analogue in the Swedish program (Hallberg et al. 1988). Li particular,
the reanalysis suggested the importance of the interfacial production of CuCl^ species as
included in our corrosion mechanism (kaf, kab, kbf and kbb, Fig. 4.3). By considering the
formation of CuCl^, King (1995) was able to account for the layered
Gi2O/CuCO3-Cu(OH)2 corrosion product observed on the cannon (analogous to reactions
k2/k.2 and k3/k-3 in Fig. 4.3). The major oxidant for the cannon was not O2, as is expected
for the container, but Cu(II) dissolved from CuO inclusions in the bronze matrix. The
dissolution of these inclusions via the CuClj species, as proposed by King (1995), is
analogous to the dissolution of CuCl2-3Cu(OH)2 and the reduction of Cu(II) on the
container (k.3 and k<j, Fig. 4.3). Further support for the mechanism in Fig. 4.3 came from
the observed [Cu] profiles in the clay sediments surrounding the cannon. The observed
profiles were similar to those found experimentally for Cu coupons in contact with
compacted buffer material, and confirmed the importance of Cu(II) adsorption on clay
(kVlLt, Fig. 4.3). King (1995) was able to show that the value of the apparent diffusion
coefficient of Cu(H) derived from the observed profiles fitted the same temperature
dependence as that for values measured experimentally from Cu corrosion (Litke et al.
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1992) and diffusion experiments (King and Ryan, unpublished data). Finally, by assuming
a Cu(II)-diffusion rds, King et al. (1994b) were able to predict the corrosion rate to within a
factor of 6 of the value estimated from the analysis of the cannon (Hallberg et al. 1988).

The other analogue study that has been used is the analysis of the pit depths on a collection
of Swedish bronze-age artifacts (Bresle et al. 1983). These artifacts had been exposed to
near-surface burial conditions for periods of up to 3000 a. Although the burial conditions
differ from those expected in a disposal vault, it was judged that the data were useful for
predicting the long-term pitting behaviour of a container because of the length of the
exposure period. In fact, it can be argued that the exposure conditions and range of alloy
types made the artifacts more susceptible to pitting than the containers. The artifacts would
have been exposed to continuously aerated low-GThigh-HCOj waters, which increases the

susceptibility to pitting (King 1996a; Sridhar and Cragnolino 1993). Furthermore, although
the Cu content of many of the artifacts was unusually high (Bresle et al. 1983), the presence
of alloying elements and inclusions and the use of crude metallurgical procedures may have
rendered the artifacts more susceptible to pitting than modern oxygen-free Cu alloys.

Along with long-term pitting data from a study by Romanoff (1957), these archaeological
pit-depth data have been used in a statistical extreme-value analysis (Chapter 4.4.2). This
analysis forms the basis of the prediction of the maximum pit depth on a container in the
disposal vault. Pitting is most likely in the presence of O2, which will have been consumed
within a period of 3000 a. The benefit of using data collected over a period of up to 3000 a
for this analysis, therefore, is that the prediction is based on an interpolation of measured
data, rather than an extrapolation.

45 CORROSION AND MATHEMATICAL MODELS

The corrosion model described in this section is used to predict the long-term corrosion
behaviour of Cu containers,. The model concludes that uniform corrosion and pitting
corrosion will not lead to failure in <106 a. As a result, the container failure model in
SYVAC PR4 describes only those containers failing as a result of initial fabrication defects
(see Chapter 6.3.1).

In the corrosion model, it is assumed that failure could occur as a result of uniform
corrosion or pitting. The container is considered to have failed if 16 mm of the Cu shell has
been uniformly corroded (approximately two-thirds of the minimum 25 mm wall thickness),
failure due to buckling occurring at this point. Alternatively, the container is considered to
fail by pitting if the maximum pit depth plus the depth of uniform corrosion equals the
minimum wall thickness of 25 mm. The full wall thickness is used for the pitting allowance
because it is considered that localized penetration of the container over a relatively small
surface area will not result in mechanical instability.
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4.5.1 The Corrosion Model

The reaction mechanism describing the electrochemical, chemical and mass-transport
processes involved in the uniform corrosion of Cu is illustrated in Fig. 4.3. This mechanism
is based on the results of our own experimental program and those of other workers and
from analogue studies, as described in this Chapter and in more detail elsewhere (King
1996a-d). In addition to identifying the important processes, these studies have also
provided values for many of the rate constants (designated as k in Fig. 4.3) needed for the
mathematical model. All processes included in the model are described by kinetic
expressions, thus avoiding the necessity to assume that the reactions are at equilibrium. The
Cu surface is assumed to be uniformly accessible so that the anodic and cathodic interfacial
reactions can occur over the whole surface.

The interfacial electrochemical reactions included in the model are the anodic dissolution of
Cu (kaf/kab. Wkbb), the cathodic reduction of O2 to OH" (kc) and the cathodic reduction of
Cu2+to Cu(I) kj. The precipitation and dissolution of Cu2O and CuCl2-3Cu(OH)2 are
included (k2/k_2 and k3/k_3, respectively), as observed experimentally. Redox reactions
involving O2, Cu(I)/Cu(II) and Fe(II) are also considered. The homogeneous oxidation of
Cu(I) by O2 (kj) is the reaction via which Cu(D) is produced. Oxygen is also consumed by
reaction with Fe(II) (ks). The other redox reaction included is the reduction of Cu(II) by
Fe(II) (k<;). This reaction is believed to partly explain the large observed temperature
dependence of the apparent diffusion coefficient of Cu(II) (King 1995), and may be
significant during the cool, anoxic period in the evolution of vault conditions.

Mass transport (JQ2, Jcu(n)> JQKO) through the porous layers surrounding the container is
assumed to occur by diffusion. Diffusion of these species through the buffer and backfill
materials is treated in a similar manner to that of radionuclides (Chapter 3.5). Adsorption is
treated somewhat differently, however, by using kinetic expressions rather than an
equilibrium distribution coefficient. The only species considered to adsorb on the
negatively charged clay particles is Cu(II). A kinetic Langmuir expression is used to
describe the adsorption and desorption of Cu(II) (Wlu in Fig. 4.3).

The effect of the unsaturated period on the corrosion behaviour of the container can be
simulated. Oxygen is assumed to diffuse through both the vapour and solution phases in
partially saturated buffer material, with dissolved and gaseous O2 connected through
partitioning rate constants (kg/leg).

4.5.2 The Mathematical Model and Predictions

The mathematical model is based on the corrosion model in Fig. 4.3 and a 1-dimensional
(1-D), multi-layer description of the various materials surrounding the container (King and
Kolar 1995,1996; Kolar and King 1996b). In this version of the model, up to four layers
are considered: buffer material, light or dense backfill material, the EDZ, and the fractured
rock. Thus, the model simulates the effects of both the vault environment and that of the
surrounding geosphere. The properties of the EDZ and fractured-rock layer are varied to
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simulate the effect of a permeable geosphere. No credit is taken for the mass-transport
properties of the 500 m of rock.

Mass-balance equations are written for the various diffusing and non-diffusing species
considered in the model, of the general forms

' (4.7)
IX \ 0X.J

dc
eaR + R (4.8)

ot

where ea is the accessible porosity (King et al. 1996), R and R' are terms describing the rates
of homogeneous reactions and the other terms have been defined in Chapter 3.5. The ten
species considered in the model are: dissolved O2,O2 in the gas phase, dissolved Cu(I) (as
CuCl"), precipitated Cu(I) (as Cu2O), dissolved Cu(II) (as Cu2+), precipitated Cu(II) (as
CuCl2-3Cu(OH)2), adsorbed Cu(II), Cl\ dissolved Fe(D), and precipitated Fe(II). In
addition, a heat-conduction equation is also included to simulate the effect of varying
temperature within the vault.

The mass-balance equations are solved using finite-difference techniques subject to a set of
boundary and initial conditions. The boundary conditions (be) for O2, CuClj and Cu2+ and
Cr at x=0 are defined by electrochemical expressions. To ensure that there is no net loss or
gain of electrons, the total cathodic current for the reduction of O2 and Cu2+ must equal the
anodic current for Cu dissolution as CuClj. The anodic and total cathodic current densities
are equal to the corrosion current density ICORR (in A per unit area), which is proportional to
the corrosion rate in jim-a"1. The rates of electrochemical reactions are potential dependent
and, under naturally corroding conditions, the balance of the anodic and cathodic rates
defines ECORR- Dissolved Fe(II) is assigned a zero-flux boundary condition at x=0 and,
since the remaining species do not diffuse, the respective mass-balance equations can be
used as boundary condition for these species. At the far boundary, corresponding to the
EDZ/rock interface, the diffusing Cu species are assigned a zero concentration boundary
condition, and O2, Fe(II) and Cl" have constant-concentration boundary condition
determined by the composition of the groundwater.

The initial conditions depend on the system being modeled. Invariably, the layers are taken
to be initially free of all Cu species. In the example shown here, we assume the vault
immediately saturates with incoming groundwater from the surrounding rock. The
groundwater is assumed to be essentially deaerated ([O2] < 3 x 10"8 moldm'3 or < 1 ngg"1,
Gascoyne 1996). The incoming groundwater is diluted by the fresh water used to compact
the buffer and backfill materials. These materials are compacted at either 80% (buffer and
dense backfill) or 33% (light backfill) of their saturated moisture contents. Therefore, there
is significant air-filled void space in these layers. Here, the initial distribution of O2 in the
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various layers is determined assuming the gaseous O2 immediately dissolves in the pore
solutions, in addition to that already present in the aerated water used for compaction.

The use of a 1-D model has certain limitations. For instance, it is impossible to account for
the non-uniform distribution of the various buffer and backfill materials around the
container (Fig. 2-1). We can only simulate diffusion in a radial direction. Therefore, when
light backfill is used as the second layer, we simulate diffusion from the container towards
the top of the room through the buffer and light backfill layers. When using dense backfill
as the second layer, we simulate diffusion in the opposite direction. Neither is it possible to
take into account the influence of neighbouring containers on the development of
concentration gradients in the various layers. Despite these limitations, a simple 1-D
mass-transport model was chosen so that as many of the reactions and processes involved in
the corrosion process as possible could be included in the mathematical model.

Apart from the simplifications inherent in assuming 1-D mass-transport and the assumption
that the mechanism in Fig. 4.3 adequately describes the corrosion behaviour of Cu, there are
relatively few assumptions made in the model. Although for the simulations described here,
we assume (i) fully saturated buffer and backfill materials and (ii) the absence of
y-radiation, the effects of these variables are described elsewhere (King and Kolar 1995) or
will be included in future versions of the model. The effect of unsaturated buffer is to
increase the rate of corrosion, since O2 diffuses to the container faster through vapour-filled
pores, but the extent of corrosion is the same as in saturated buffer, because it is limited by
the quantity of available oxidant, which is the same in both cases. Experimental studies
show that the effect of irradiation leads to lower corrosion rates (King 1996a). Therefore,
present exclusion of these two effects will not invalidate the prediction of this version of the
model. We do assume, however, a constant pH (pH 7) throughout the simulation and the
mass-transport effects of the precipitate layers that first grow on, and then dissolve from, the
container surface are not included. The effects of these surface layers on the rate of the
cathodic interfacial reactions are accounted for by using values for the electrochemical rate
constants appropriate for film-covered surfaces. We do not, however, scale the rates of the
interfacial anodic or cathodic reactions for partial coverage of the container surface by
porous corrosion products.

The extent of pitting is calculated outside this model. As described in Section 4.4.2, the
probability of the deepest pit exceeding a given depth after a given period is predicted using
extreme-value analysis of literature pit-depth data. A probability of 10"n is used, which
corresponds to a probability of <10 that the maximum pit depth on any of the -60 000
containers in the disposal vault will exceed the predicted value. Fig. 4.7 shows the extreme-
value distributions for the maximum pit depth on a Cu container as a function of exposure
time predicted from the extreme-value analysis of the bronze-age and buried Cu objects
(King and LeNeveu 1992). The distributions do not represent the distribution of pit depths
on a container; rather, they represent the probability F(x) that the maximum pit depth on a
container will exceed a depth x. For the condition 1-F(x) < 10 n , x varies from 4.5 mm to
6.0 mm for times of 100 a and 106 a respectively. Thus, for pitting periods up to 106 a, the
maximum pit depth on any container is < 6 mm. Since the difference between the pitting
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FIGURE 4.7: Predicted Cumulative Probabilities (F(x)) for Maximum Pit Depths
(x) on Copper Containers as a Function of Exposure Time (King and
LeNeveu 1992). F(x) is the cumulative probability that the deepest
pit on a container will be less than or equal to x.

plus uniform corrosion allowance (25 mm) and the uniform corrosion allowance (16 mm) is
9 mm and the maximum pit depth on any of the containers is < 6 mm for times up to 106 a,
container failure by corrosion will only occur within this period if the uniform corrosion
allowance of 16 mm is breached.

Figure 4.8 shows the predicted variation of ECORR and icoRR with exposure time for the case
of dense backfill as the second layer. These predictions illustrate one of the fundamental
properties of the vault - the evolution from oxidizing to anoxic conditions as the O2 initially
trapped in the pores of the buffer and backfill materials is consumed. In terms of the
corrosion behaviour of the container, this evolution in redox conditions results in a decrease
in both ECORR and icoRR with time. After all the O2 is consumed, ECORR increases as Cu(II)
is reduced to CuCl~2 by reaction with Fe(DT) (King and Kolar 1995,1996; Kolar and King
1996b). Most importantly, the corrosion rate decreases from an initial value of 1.3 ^tma'1

(equivalent to icoRR = 5.5 x 10"8 Acm"2) to virtually zero after 2640 a. (The period of
corrosion in this simulation is longer than the period of 670 a to consume the O2 in Fig. 4.2
because the spatial and temporal variation of temperature was included in the present
calculation instead of the constant temperature of 75°C used for Fig. 4.2). The integrated
corrosion current density is shown in Fig. 4.9, which more clearly shows that the extent of
corrosion is limited by the total amount of O2 in the vault - i.e., once the initially trapped O2

is consumed, corrosion virtually ceases. The maximum wall penetration due to uniform
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FIGURE 4.8: Predicted Variation of the Corrosion Potential (ECORR) and Corrosion Current Density (icoRR) as a
Function of Time for a Copper Container in a Disposal Vault. In this 1-D simulation, the container is
assumed to be surrounded by a layer of compacted buffer material, a layer of dense backfill and the
excavation-damaged zone. No credit is taken for the rest of the geosphere as a mass-transport barrier.
ECORR
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FIGURE 4.9: The Variation of the Integrated Corrosion Current Density with Time for the Simulation Shown in
Fig. 4.8. The integrated current density is proportional to the depth of uniform corrosion. This figure
illustrates that corrosion of the container effectively stops once the initially trapped O2 is consumed.
The maximum integrated current density is equivalent to a penetration of 11 p.m.
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corrosion is 11p.m. Thus, uniform corrosion will not result in container failure in periods
< 106 a.

As shown in Fig. 4.3, Cu dissolution proceeds via the Cu(I) state. Homogeneous oxidation
by O2 results in the formation of Cu(II) species. Figure 4.10 shows the predicted
concentration profiles for various Cu species in the buffer material surrounding the
container as a function of time. The Cu species included in this figure are dissolved
CuClj, precipitated Cu2O, dissolved Cu2+, precipitated CuCl2-3Cu(OH)2 and adsorbed
Cu + (in the model, precipitation reactions are allowed to occur throughout the layers,
although the amount of material precipitated is small). Of the total amount of Cu shown in
Fig. 4.10, >99% comprises the various Cu(II) species, of which >98% is adsorbed Cu(IT).
This predominance of adsorbed Cu(ET) and the resultant [Cu] profiles are consistent with the
results of Cu corrosion experiments in compacted buffer (King et al. 1992; Litke et al.
1992) and the observation of [Cu] profiles around the bronze cannon analogue (Hallberg et
al. 1988; King 1995).

More details of these and other simulations can be found elsewhere (King and Kolar 1995,
1996; Kolar and King 1996a,b; King et al. 1996).

The results of the detailed mathematical model can be compared to the maximum depth of
corrosion estimated from the known amount of O2 in the vault and an empirically
determined pitting factor. On this basis, the maximum depth of uniform corrosion would be

-176 \un. This value exceeds the value of 11 \im calculated above because, in the detailed
model, most of the O2 is consumed by reaction with Fe(II) minerals and because the
detailed calculation above does not take into account the O2 trapped in the light backfill
material or in the non-accessible pores of the buffer and backfill materials, which is
unavailable for corrosion of the container (King et al. 1996, Kolar and King 1996a). The
pitting factor is the ratio of the maximum pit depth to the depth of uniform corrosion. In the
Swedish program, a pitting factor of 3 to 5 is used (Swedish Corrosion Institute 1983). In
contrast, our statistical treatment of pitting giving a maximum pit depth of 6 mm is
equivalent to a pitting factor of 550.

It should also be remembered that this prediction corresponds to a groundwater containing
1 ngg 1 O2 and no Fe(II). Such conditions are far more oxidizing than those found at depth
in the Canadian Shield, and corresponds to an Eh of +0.76 VSHE at pH 7 and 25°C. This
redox potential compares with observed Eh values for fracture zone LD1 of between +0.20
and -0.10 VSHE (Chapter 3.4) and the range of redox potentials used to calculate
radionuclide solubility of 0.06 to -0.21 VSHE at pH 7 (Table 3-2). The observed redox
potentials are much lower than the calculated value of 0.76 VSHE because redox couples
other than O2/H2O (such as Fe(II)/Fe(III)) control the redox potential and the system is
essentially O2-free

Despite the use of a more conservative corrosion model than that used in the Swedish
program, the detailed model described here suggests that failure of Cu containers from
corrosion will not occur in a Canadian disposal vault in less than 106 a. This claim is
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FIGURE 4.10: The Predicted Distribution of Various Copper Species in the Buffer Material as a Function of Time
for the Simulation Shown in Fig. 4.8. The Cu species considered are: (a) dissolved CuCi;,

(b) precipitated Cu2O, (c) dissolved Cu2+, (d) precipitated CuC!2-3Cu(OH)2, (e) adsorbed Cu(H), and
(f) the sum of the all Cu species. Note various concentration and distance axes used. Profiles shown
for times of (1) 1 month, (2) 11 months, (3) 5.8 a, (4) 32.2 a, (5) 124 a, (6) 478 a, (7) 1312 a and
(8) 2572 a.
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supported by the results of an extensive experimental program, from information
available in the literature, and from natural analogue studies.

4 6 THE IMPACT OF CORROSION ON THE CONTAINER
PERFORMANCE ASSESSMENT MODEL IN SYVAC

Although the corrosion model described here is not used directly in the SYVAC PR4
simulations, corrosion of the container could have an impact on the performance
assessment model for initially defected containers. In particular, corrosion might increase
the radius of the pinhole defect, currently assumed to be in the range 0.15 to 1.5 mm.
According to the predictions above, uniform corrosion could increase this range by
11 jiim, to between 0.161 and 1.51 mm. Since the release rate is proportional to the area
of the defect (see Chapter 6.5.2.6), this increase in radius could result in a 1 to 15%
increase in release. However, not included in this calculation is the effect of corrosion
product deposition within the defect. Since some of the dissolved Cu will precipitate as
Cu2O or CuCl2-3Cu(OH)2 in the defect, both of which have higher molar volumes than
Cu, corrosion will actually result in a decrease in the defect size and hence, a reduction in
the release rate. To maintain a conservative approach, the effect of corrosion product
formation in the defect is not included in the SYVAC PR4 predictions and the defect size
is assumed not to change with time.

5. THE USED FUEL DISSOLUTION MODEL

51 INTRODUCTION

Here we present the characteristics of the reference used CANDU fuel and the conceptual
and mathematical models for dissolution of used fuel and radionuclide release into the
groundwater entering the defective containers. The linkage of the radionuclide
concentrations in the porewater inside a defective container with the model for mass
transport of radionuclides from within the container, through the defect and into the
surrounding buffer is discussed in Chapter 6.

Before describing the radionuclide inventories and the models for radionuclide release, it
is necessary to briefly review the scenario under consideration. The vast majority of
containers are expected to survive intact for periods in excess of 106 a. Between 6 and
20 containers of the total of 60,000 in the vault might be expected to be defective when
emplaced (see Chapter 6.3.1), most likely because of weld defects that could escape
detection. Such defects are assumed to have a diameter of 0.3 to 3 mm. Conceptually, it
is expected that groundwater from the surrounding rock would gradually be taken up by
buffer and backfill materials and would enter the defect very slowly as the hydrostatic
head in the vault is restored. Oxygen trapped within the container would be consumed
relatively rapidly (within days) by oxidation of copper and steel once water started to
enter the container, although this would take longer (probably decades to hundreds of
years) in the surrounding buffer and backfill.



- 5 5 -

Before radionuclides could be released from the fuel in significant quantities, there would
have to be through-wall corrosion of the Zircaloy sheath. Some sheaths (approximately 1
in 10 000 to 1 in 100 000) would have failed previously in-reactor. For the remainder,
corrosion failures from uniform corrosion upon exposure to groundwater would be
negligible because of the corrosion resistance of the oxide film on Zircaloy. Crevice
corrosion would be extremely difficult to support because of the rapid consumption of
residual oxygen within the container. We therefore expect that hydrogen-induced
cracking is the most likely form of sheath failure. On the basis of available information,
it is not possible to predict times to failure for this mechanism. No evidence of such
failures or of Zircaloy corrosion by other processes has been found in studies of the
durability of used fuel bundles over periods of up to 10 a in dry or moist air storage at
150°C (Wasywich 1993) or 25 a in wet storage (Wasywich 1992). Consequently, we
expect minimum lifetimes of decades for Zircaloy sheath, with a reasonable likelihood
that lifetimes could exceed thousands of years. Once fuel sheaths fail, the groundwaters
could rapidly leach out the instant release fraction of a number of radionuclides, including
137Cs, l35Cs, 90Sr, I291,36C1, "Tc, 79Se, 126Sn, 14C and 3H.

In summary, it is expected that groundwater would be unlikely to enter the defective
containers for hundreds of years, and, once in contact with the fuel sheaths, would be
unlikely to contact the UO2 fuel itself for an even longer period of time. This delayed
contact of groundwater with the fuel would have a major impact on the rate of dissolution
of the fuel matrix. As will be discussed in Chapter 5.3, the dissolution of the UO2 matrix
is sensitive to the beta/gamma dose rate, which drops by several orders of magnitude
within the first 300 a to levels that have a negligible effect on the dissolution rate.
Consequently, it is reasonable to expect that the actual dissolution rate of the fuel would
be similar to that described in the previous case study (Johnson et al. 1994b) and that
dissolution of the UO2 matrix would make a small contribution to radionuclide release.

In spite of the arguments above that imply a delay of many hundreds of years before water
would contact the UO2 fuel, we have chosen to model radionuclide release based on water
saturating the buffer and backfill and the pore space within the defective containers
immediately upon emplacement, along with immediate failure of all fuel sheaths. Such
assumptions undoubtedly lead to a great overestimate of the extent of fuel matrix
dissolution, but they avoid the problem of mathematically modeling a complex scenario
and assure that fuel matrix dissolution rates are modeled conservatively.

52 COMPOSITION AND DECAY CHARACTERISTICS OF CANDU
FUEL

The isotopic composition of 37-element Bruce fuel bundles for a reference burnup of
685 GJ(kg U)"1 has been reported by Tait et al. (1989). This composition was used to
define source terms for a previous case study (Johnson et al. 1994b), describing the
performance of a reference disposal system for borehole emplacement of titanium
containers. The average burnup of CANDU fuel has increased slightly to 720 GJ(kg U)"1

(Floyd et al. 1992). Based on this revised burnup, ORIGEN-S calculations have been
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performed to define the decay heat and radionuclide inventories for the present case
study.

In addition to revising the burnup, the pre-irradiation concentrations of various light
elements have been examined and adjusted (Tait and Theaker 1996) to ensure that
activation products arising from their presence during in-reactor irradiation are
incorporated in assessment calculations. Of particular note is the inclusion of 36C1
inventories in used fuel bundles, based on recent measurements (Johnson et al. 1995).

The present assessment focuses only on the group of radionuclides identified in a
screening study (Goodwin et al. 1996a) that have the highest estimated dose consequence.
Some calculations have also been performed for the actinides, as discussed in
Chapter 6.5.4.

The inventories of radionuclides in used CANDU fuel for the revised reference burnup of
720 GJ(kg U)"1 are given in Table A-l of Appendix A. As discussed in Chapter 6.5.1, of
the total number of radionuclides, only sixteen fission and activation products and three
actinide decay chains were examined in the present study.

53 THE DISSOLUTION OF USED FUEL

Extensive studies of the dissolution of used fuel in groundwater have established that
radionuclide release is dominated by the rapid release of a small fraction of the inventory
of a selected group of radionuclides, including l37Cs, I29I, I4C and 36C1 (Johnson et al.
1994b, 1995). The release of radionuclides contained within the fuel matrix , the
dissolution rate of which depends on redox conditions, is a much less significant
contributor to risk from disposal provided containment is provided for approximately
1000 a. This is because matrix dissolution is expected to be driven largely by the effects
of beta and gamma radiolysis of water which declines by orders of magnitude within this
time frame (see Chapter 5.3.2.9).

5.3.1 The Instant Release Fraction

The fraction of the radionucide inventory released rapidly upon exposure to water is
referred to as the instant-release fraction (IRF). The IRF comprises release both from the
fuel to sheath gap and from the grain boundaries in the fuel. The assumption that release
from the grain boundaries is instantaneous is clearly conservative (Stroes-Gascoyne
submitted). The IRF values for various important radionuclides adopted in the previous
case study (Johnson et al. 1994b) are given in Table 5-1 along with their PDF
characteristics. Table 5-1 also contains revised values based on new inventory and
release measurements for some radionuclides and new data for others that were not
included in the previous case study. The rationale for the PDF characteristics and the
reasons for the revisions are discussed below. The revised values in Table 5-1 are used in
the assessment calculations discussed in Chapter 6.
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TABLE5-1

PARAMETER DISTRIBUTION FUNCTIONS FOR

INSTANT-RELEASE FRACTIONS FOR SELECTED RADIONUCLIDES

Radio-
nuclide

135Cs
137Cs

129I
14C

36C1
9 0Sr
"Tc

3H
7 9Se
126Sn

Case Study 1*

(%)
8.1
-

8.1
-
-

6.0
.

8.1
8.1

o
(%)
1.0
-

1.0

-
-

1.0
-

1.0
1.0

Cutoffs
(%)

1.2-25
-

1.2-25
1-25

-
0.001-0.3

-
30-40
1.2-2.5
1.2-2.5

Distri-
bution
normal

-
normal

uniform
-

uniform
normal
uniform
uniform
uniform

Present Study

(%)
8.1
8.1
8.1
2.7
8.1
2.5
6.0
-

8.1
8.1

o
(%)
1.0
1.0
1.0
1.6
1.0
0.8
1.0
-

1.0
1.0

Cutoffs
(%)

1.2-25
1.2-25
1.2-25

0.05-7.5
1.2-25
0.1-49
1.2-25

10'3-10"'
1.2-2.5
1.2-2.5

Distri-
bution
normal
normal
normal
normal
normal
normal
normal

uniform
uniform
uniform

* Goodwin et al. 1994.

5.3.1.1 The IRF for 135Cs and 137Cs

The mean IRF value of 8 .1% used in the previous case study for l 3 5Cs is also assumed for
the present study for both l 3 5Cs and l 3 7Cs. Review by Stroes-Gascoyne (submitted) of a
significant body of data indicates that this value appears to overestimate the IRF by a
factor of up to 4 .

5.3.1.2 The IRF for

The principal route of production of 14C in used fuel is the 14N(n,p) reaction. At the time
of the previous assessment study (Goodwin et al. 1994), neither the inventory nor the
release fraction of 14C for CANDU fuel were well known. As a result, an IRF range of 1
to 25% was adopted (Johnson et al. 1994b) based on a limited number of measurements
of release made for light water reactor (LWR) fuel. For CANDU fuel, Stroes-Gascoyne
et al. (1994) reported a series of measurements of 14C from both crushed fuel samples and
from clad fuel element sections. No correlation of total 14C release with fuel burnup or
power rating was observed. The mean release from crushed fuel samples, based on
measurements on fifteen fuel samples was 2.7%, with an estimated standard deviation of
1.6% (Table 5-1). These figures represent the total gap plus grain boundary inventory of
14C in the fuel.
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In addition to determining the instant release fraction, Stroes-Gascoyne et al. (1994) also
measured the total I4C inventory of a number of used fuel samples. These results showed
that the total inventories were also significantly overestimated in the previous case study.
This appears to have arisen because a nitrogen impurity level of 100 Hgg'1 was used for
ORIGEN-S calculations that determined the 14C inventories resulting from the l4N(n,p)
reaction (Tait et al. 1989). Measured I4C inventories are more than ten times lower than
those calculated using the 100 Hgg"1 assumed nitrogen impurity level, implying that the
nitrogen impurity level in UO2 fuel is much smaller. For the present study, the 14C
inventory in the reference fuel was revised accordingly.

5.3.1.3 TheIRFfor36Cl

Johnson et al. (1995) reported on the results of a radiological assessment of 36C1 for the
disposal of CANDU fuel. Several analyses of the Cl impurity levels in fuel indicate
values of less than 5 ppm. Preliminary measurements of the release of 36C1 from used
fuel samples give fractional releases that are similar to those obtained for 129I. For the
purposes of the present study we have assumed that the IRF of 36C1 is the same as that of
h 9 I (see Table 5-1) and that the inventory of 36C1 in used fuel is 4.22 x 105 Bq (kg U)"\
consistent with a pre-irradiation chlorine impurity level of 5 (Xgg1.

5.3.1.4 The IRF for ^Sr

Stroes-Gascoyne (submitted) reviewed the data from a number of studies of dissolution of
used CANDU fuel and concluded that the study of Johnson et al. (1994b) underestimated
the IRF for 90Sr. The previous range of 0.001 to 0.3% was largely based on leaching of
fuel fragments; thus, the results represented release from the gap region. The more recent
results of Stroes-Gascoyne (submitted) (\i = 2.5%, a = 0.8%) represent releases from both
the gap and grain boundary regions.

5.3.1.5 The IRF for 3H

Johnson et al. (1994b) used an IRF range of 30 to 40% in a previous assessment study.
As they reported, this was based on a misprint in the paper of Ohuchi and Sakurai (1988).
The revised range of 10'3 to 10"'% (Table 5-1) is based on the values reported by Goode
and Cox (1970) and the corrected value from the study of Ohuchi and Sakurai (Kempe
1992).

5.3.1.6 Other IRF Values

IRF values for 99Tc, 79Se, 87Rb, 126Sn, 39Ar, 42Ar, Br, 40K, 85Kr and 8lKr remain the same
as those used in the previous case study (Johnson et al. 1994b).
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5.3.2 Dissolution of the Used Fuel Matrix

5.3.2.1 Introduction

In the previous case study, the model for radionuclide release from used fuel consisted of
two separate components: an instant-release model, in which the radionuclides trapped in
the fuel cladding gap and in the grain boundaries are combined in a single term; and a
matrix dissolution or congruent-release model, in which the remaining radionuclides are
released at the same fractional rate as that at which the UO2 fuel matrix dissolves (Johnson
et al. 1994b). This matrix dissolution process was assumed to be limited by the solubility of
U02+x (up to U4O9) and the diffusional transport of uranium away from the surface of the
fuel. The solubility of uranium was calculated using a thermodynamic model by sampling
from a range of concentrations of groundwater species and Eh (oxidation potential) and pH
values. This model is applicable providing Eh is not positive to the U4O9/U3O7 boundary
(Johnson et al. 1994b). However, any model of fuel dissolution within a prematurely failed
container must take into account the fact that, initially, the redox conditions will be
oxidizing, due to the presence of dissolved oxygen and the production of oxidizing
radiolysis products. Under these conditions, oxidation beyond the U4O9/ U3O7 boundary is
inevitable and the dissolution rate will be determined by kinetic factors.

The oxidants available to drive oxidative dissolution are: (i) dissolved oxygen trapped
inside the container when the container is sealed; (ii) oxygen which diffuses into the
container once it has failed, and (iii) the products of water radiolysis due to the decay of
radionuclides within the fuel. Therefore, the fuel dissolution rate will be a function of the
oxygen concentration and the combined effects of the radiation dose rates due to gamma,
beta and alpha radiolysis.

5.3.2.2 Need for an Electrochemical Model

For a thermodynamically-based model to be appropriate, the composition of the fuel surface
must be in equilibrium with the surrounding redox environment; i.e., the corrosion potential
at the fuel surface must equal the redox potential in the surrounding environment (Eh).
While evidence is available to indicate such a state may be achievable providing the surface
of the fuel is not oxidized beyond UO2.33 (Sunder et al. 1992a), there is a large body of
evidence demonstrating that for more oxidizing conditions, the dissolution of fuel must be
considered as an electrochemical process and therefore treated kinetically (Shoesmith and
Sunder 1991). Under these conditions, a difference in potential, the driving force for the
electrochemical dissolution process, exists across the dissolving solid-solution interface,
Fig. 5.1. The dissolution reaction is now a coupled process involving the oxidative
dissolution of the UO2 and t) >e reduction of the available oxidant.

UO2 -> UO^+ + 2e (5.1)
Ox + ne' -> Red (5.2)



- 6 0 -

Solid Interface

Change in E
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Oxidant Conc'n
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FIGURE 5.1: Relationship Between Potentials When the Surface of the Fuel Is Not
in Equilibrium With Its Environment and an Electrochemical Driving
Force for Corrosion Exists

Depending on the relative kinetics of these two half reactions, the dissolving surface will
adopt a potential, known as the corrosion potential ( ECORR )»between the equilibrium
values for the two reactions. Under these conditions, dissolution will occur with both
reactions away from equilibrium, and the fuel can be said to be undergoing corrosion. As
corrosion proceeds, the increase in the surface concentration of dissolved uranium will lead
to an increase in the equilibrium potential of the surface reaction, and the consumption of
the oxidant will cause a fall in the value of Eh; i.e., the potential difference driving the
corrosion reaction will decrease as oxidant is consumed. Consequently, if available
oxidants are consumed, and not replenished, and corrosion products accumulate in the
vicinity of the fuel surface, the need for a model based on the kinetics of the corrosion
process will diminish. Providing the potential difference across the solid/solution interface
is eventually reduced to zero, then the reapplication of the solubility-based, transport-
limited dissolution model would be appropriate. The overall fuel reaction is appropriately
considered as a corrosion reaction when Eh > ECORR but as a dissolution reaction when
Eh ~ ECORR- We conservatively assume that equilibrium would never be established and use
a constant corrosion rate that would persist at long times.
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5.3.2.3 Evolution of Redox Conditions in the Failed Container

The evolution in redox conditions within the container will be determined by the sum
effects of oxygen consumption and the decay of radiation fields within the fuel. The oxygen
concentration will decrease at a rate determined by its rate of consumption by the fuel and
by other oxidizable materials in the container, especially the copper walls of the container
itself. The gamma-, beta- and alpha-radiation fields at the surface of the fuel will decay
with time at a rate determined by the nature of the fuel and its in-reactor history.
Radiolytically produced oxidants could also be consumed by reaction with the copper
container. For alpha and beta radiolysis, oxidants will be produced locally at the fuel
surface and must be transported to the walls of the container. Garisto (1989) has calculated
that >90% of the a-particle energy will be deposited within 20 p.m of the fuel surface. For
gamma radiolysis, the production of oxidants will be more widely dispersed and reaction
with the container would be less affected by transport processes. As these oxidants are
consumed, redox conditions will become controlled by a complex suite of redox reactions
involving the products of corrosion processes [on copper (Cu'/Cu11 species) and any iron-
containing structural components (Fen/Fera species) within, the container] and the oxidized
products of fuel corrosion (U^ species).

5.3.2.4 Procedure to Calculate Fuel Corrosion and Dissolution Rates as a Function
of Evolving Redox Conditions

In this report we calculate the fuel corrosion rates based on our recently developed
electrochemical model (Shoesmith and Sunder 1991). In this model the rates are predicted
as a function of redox conditions by extrapolating steady-state electrochemical currents for
the anodic dissolution of UO2 to the corrosion potentials measured in solutions containing
the various available oxidants. This procedure is illustrated schematically in Fig. 5.2, and
leads to corrosion rates expressed as corrosion currents, which are easily converted to the
units used in this report by the application of Faraday's law (Shoesmith et al. 1989). (A
corrosion current of 1 |iAcm"2 is equivalent to a corrosion rate of 1.35 molm^-a"1.).

These corrosion rates are then combined with a knowledge of the evolution of redox
conditions within the container to predict the change in fuel corrosion rate with time. This
requires that the rate of consumption of oxygen and the radiation decay profile as a function
of age of the fuel be known. This procedure is illustrated schematically in Fig. 5.3. Once
the electrochemical driving force disappears (Chapter 5.3), then the rate of corrosion will
fall to a low value. Below this threshold value, indicated by the dashed line in Fig. 5.3C,
the process can be considered as a dissolution reaction, and a solubility-based, transport-
limited model would be as appropriate as an electrochemical one (Shoesmith and Sunder
1991), although we have adopted the more conservative approach by using a corrosion rate-
based model.
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FIGURE 5.2: Illustration of the Procedure Used to Obtain Values of Corrosion Current
(ICORR - Corrosion Rate) for the Corrosion of UO2 Fuel: A - Tafel Relaltionship
Relating Anodic Dissolution Currents to the Applied Electrochemical Potentials.
The dashed section of the line shows the extrapolation of measured currents to
the measured corrosion potential (ECORR) to obtain the values of corrosion current
plotted as a function of oxidant concentration shown in B.
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FIGURE 5.3: Illustration of the Procedure Used to Determine Fuel Corrosion Rates as a
Function of Time in the Vault (C) from a Knowledge of Corrosion Rates as a
Function of Radiation Dose Rate (A) (from the Procedure Illustrated in
Fig. 5.2) and the Calculated Radiation Dose Rate Decay Curves (B) (Fig. 5.4)
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FIGURE 5.4: Decay Curves Calculated for Alpha, Beta and Gamma Radiation
(Chapter 5.4.6 and Appendix G) for the Reference Spent Fuel

5.3.2.5 Corrosion Due to Dissolved Oxygen

The amount of oxygen available to cause corrosion of the fuel can be calculated from the
volume of air originally trapped within the container. This assumes no more oxygen will
diffuse into the container through the defect. This is a reasonable assumption for two
reasons: (i) the defect will be small, and (ii) corrosion of the outside of the container will
reduce the concentration of oxygen close to the container to a small value (Kolar and King
1996a). More detailed calculations using the data of these authors predict an oxygen
concentration of <3.5 x Iff6 mol-L'1 will be achieved at a distance of 0.1 mm from the
container surface only one month after emplacement in the vault. Consequently, the flux of
oxygen into the container through the defect will be negligible.

The inventory of available oxygen has been calculated to be 1.01 mol based on the amount
of oxygen trapped in the void volume (118 L) within the container (Appendix C). If all of
this oxygen were to cause oxidation of the fuel according to the reaction

UO2 1/2 O2 = UO3 (5.3)

then the maximum amount of fuel oxidized would be about 2.016 mol (-544 g) of UO2.
Since a container will contain 72 bundles, each comprising 21.3 kg of fuel, this amounts to
only a very small fraction (O.OOO35) of the 1534 kg of fuel. A possibility is that the oxygen
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could be used in the dry oxidation of the fuel prior to wetting. This can be shown to be very
slow (Appendix D) and would not significantly affect the subsequent rate of corrosion,
according to the results of Gray and Thomas (1992, 1994).

While the available oxygen can only cause a limited amount of fuel oxidation, the presence
of dissolved oxygen while radiation fields endure, especially gamma and beta, can lead to a
significant increase in the rate of fuel corrosion due to the production of the oxidizing
products of water radiolysis (Shoesmith and Sunder 1991). To determine whether this
effect need be considered, we have calculated the relative rates of oxygen consumption by
corrosion of the fuel and by corrosion of the copper container (Appendix E). This
comparison shows that the rate of consumption by reaction with copper is ~ 104 times
higher than that by reaction with UO2 leading to the consumption of all the oxygen in the
container in -1.4 days (Appendix E).

Since the oxygen will be rapidly consumed by the copper container we need only consider
corrosion driven by the radiolysis of deaerated solutions. This is a significant advantage
since the predicted corrosion rates in deaerated solutions are much lower than in oxygenated
solutions (Shoesmith and Sunder 1991).

5.3.2.6 Radiation Dose Rates for Used Fuel as a Function of Time

Despite the rapid consumption of dissolved oxygen by the corrosion of the container, the redox
conditions of the groundwater initially contacting the used nuclear fuel will be modified due to
the radiolysis of water by the ionizing radiation from the fuel. The radiolysis of water produces
both molecular and radical oxidants and reductants (Spinks and Woods 1990), and the
concentration of the different species formed depends on both the nature of the ionizing radiation
and the dose rate to the water. It is well known that low linear energy transfer (LET) radiation
(beta and gamma) produces more radicals (e.g., H, O^) than high LET radiation (alpha) which
results predominantly in the formation of molecular radiolysis products (e.g., H2O2). The
consumption of these radiolytic oxidants by reaction with the container will not prevent
radiolytically induced corrosion of the fuel. Due to the short range of alpha and beta particles in
water, they will only produce oxidants close to the fuel surface, and the radicals (the main
oxidants formed by gamma and beta radiolysis) are too reactive to escape the reaction layer at the
fuel surface (Christensen and Sunder 1995).

To evaluate the effects of water radiolysis on the fuel corrosion rate, it is necessary to know the
dose rate to the water in the container due to the different types of ionizing radiation. Here, we
consider the effects of beta and gamma radiation together since both are low LET radiations
likely to affect corrosion at relatively short times compared to alpha radiation. We have
calculated alpha, beta and gamma dose rates in water in contact with the reference used fuel
(burnup of 720 GJ(kg U)') (Sunder 1995). Figure 5.4 shows the various dose rates in water,
for a single fuel bundle, as a function of time. The procedure and data used to obtain these
results are described in Appendix F. Since alpha and beta radiations produce oxidants only in
the vicinity of the surface from which they are emitted, their dose rates are independent of the
number of fuel bundles in the container. However, for gamma radiation the irradiation of
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adjacent surfaces will occur and the dose rate to the water at the fuel surface will depend both
on the number of fuel bundles in the container and on their placement geometry. We estimate
that the average gamma dose rate in the container will be about 4 to 7 times that calculated for a
single bundle in Fig. 5.4 (Appendix G).

5.3.2.7 Corrosion Rates Used in the Model

Since the oxygen within the container will be consumed rapidly, only the corrosion rates due to
the radiolysis of deaerated solutions need be used to predict radionuclide release rates. Figure 5.5
shows these rates as a function of gamma and alpha dose rates at room temperature (22°C). The
data used in these figures were recorded in 0.1 mol-L"1 NaClO4 (pH = 9.5), a solution typical
of the non-complexing groundwaters expected under waste vault conditions, and have been

FIGURE 5.5: Fuel Corrosion Rates Predicted for Neutral Non-complexing Solutions
(0.1 mol-L'1 NaC104; pH = 9.5) at Room Temperature (~22°C) Using the
Procedure Outlined in Fig. 5.2. The results for gamma radiolysis (line A)
are from Shoesmith and Sunder (1991) and those for alpha radiolysis
(line B) from Sunder et al. (1996). Values plotted with closed symbols are
eventually not used in calculations (Appendix I). The upper and lower
horizontal lines show the predicted corrosion rates for corrosion potentials
of -100 mV and -200 mV (vs. SCE), respectively.
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published elsewhere (Shoesmith and Sunder 1991, Sunder et al. 1995). In the calculations
which follow, the corrosion rates due to beta radiolysis are assumed to be the same as those
due to gamma radiolysis since both are low LET radiations (Chapter 5.3.2.6). The rates for
alpha radiolysis shown in Fig. 5.5 are from experiments carried out in crevices 30 ^m in width
and are, therefore, representative of the behaviour expected in narrow cracks or at the
fuel/cladding interface. A more extensive discussion of the application of the electrochemical
model to obtain the rates in Fig. 5.5 and of their reliability is given in Appendix H.

The upper horizontal dashed line in Fig. 5.5 represents the corrosion rate (3.52 x 10'7 mol-m"2-a'')
predicted by our model for a corrosion potential of -100 mV (vs. SCE), the potential at which our
electrochemistry/XPS results tell us the surface composition is UO2.33 (Shoesmith and Sunder
1992, Sunder et al. 1992b). Above this value, the UO2.33 film achieves a constant thickness and,
under steady-state conditions, the rate of its formation is balanced by the rate of its oxidative
dissolution; i.e., steady-state corrosion conditions are achieved (Shoesmith et al. 19%). Below
this potential, the degree of oxidation of the surface is determined by the potential achieved, and
a state of redox equilibrium appears to prevail (Sunder et al. 1992a). Consequently, we have
taken this value as a threshold above which the application of a corrosion model, as opposed to a
transport-limited solubility-based model, is essential (Shoesmith and Sunder 1991). For values
below this threshold the process should be considered as a dissolution reaction. The lower
horizontal line represents the corrosion rate (3.79 x 10"9 mol-m'V) predicted by our model for a
corrosion potential of -200 mV (vs. SCE), the highest value observed in deaerated solutions.
Inevitably, corrosion potentials are <-200 mV in deaerated solutions making the value at
-200 mV a conservative estimate of the maximum rate of dissolution under deaerated conditions
in the absence of any radiation field. We consider this rate to be the lower limit of applicability
of our corrosion model. Consequently, the need for a corrosion model disappears once the
corrosion rate falls to a value somewhere in the range between these bounding values. In our
calculations, once this occurs, we assume that further dissolution of the fuel will continue
indefinitely at this constant threshold rate. This threshold value is chosen assuming a loguniform
distribution of possible values within this range.

An alternative approach once the redox conditions have become sufficiently "non-oxidizing",
and a corrosion model is no longer essential, would be to return to the transport-limited,
solubility-based model used in the previous case study (Johnson et al. 1994b). However the
transition from a kinetic to a thermodynamically based approach is complicated and the effort
necessary to implement such a transition hard to justify. This is because the corrosion product,
U ^ (in the form of hydrolyzed U O ^ species) is not inert but can become involved in redox
reactions with various components of the system, particularly the copper container and the
products of its corrosion, and any iron/iron oxides. This will lead to a period when the redox
potential of the system is buffered by a complex set of reactions, culminating eventually in
conditions for which the application of the transport-limited, solubility-based model is
appropriate. In the absence of a much more extensive kinetic database, it is impossible to
calculate how long this period of redox adjustment would take.
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5.3.2.8 The Effect of Temperature on the Corrosion Rate

The corrosion rates plotted in Fig. 5.5 were measured at room temperature (~22°C) whereas the
temperature in the container will be above this value for nearly 10^ a (Appendix I). Based on the
calculations of Wai and Tsai (1995) and Baumgartner (1995), we have taken the temperature in
the container to be a conservatively constant 100°C when calculating the corrosion rate of the
fuel driven by the radiolysis of water. However, by the time fuel corrosion rates fall to values
below our threshold value (Chapter 5.3.2.7), which is expected to occur after a few hundred
years, the temperature will have fallen to between 60°C and 50°C. Consequently, we have taken
a temperature of 55°C to calculate the threshold dissolution rate.

A value of 33.45 kJ-mol"1 has been chosen for the activation energy for the dissolution rate of
used fuel based on our review of published activation energies (Sunder and Shoesmith 1991) and
some recently reported measurements (Shoesmith et al. 1995b). This value is the largest
reported for non-complexing solutions (i.e., in solutions containing <10"3 mol-L1 total carbonate)
and is appropriate for two reasons: (i) the groundwaters which will flood the container are not
expected to contain significant concentrations of complexing agents such as carbonate; and (ii)
the electrochemical dissolution currents and corrosion potentials upon which our model is based
were measured in such non-complexing solutions. A more extensive justification for choosing
this activation energy is given in Appendix I.

5.3.2.9 Calculation of Fuel Corrosion Rates and the Fraction of Fuel Dissolved in a
Failed Waste Container

Figures 5.6A and 5.6B show the corrosion rates used in our calculations plotted logarithmically
as a function of radiation dose rate for a temperature of 100°C. The reasons for using only the
limited data sets plotted in Figs. 5.6A and 5.6B in our calculations are discussed in Appendix H.
Also shown on these figures are the ranges of gamma, beta and alpha dose rates expected over
the first 1000 a assuming the fuel is 10 a old when empiaced in the vault. For alpha radiolysis, to
predict used-fuel behaviour it is necessary to extrapolate to dose rates lower than those used in
experimental measurements, Fig 5.6A. For gamma/beta radiolysis, our experimental data cover
the high dose rate range expected at short times and extrapolation is only required for the lower
dose rates prevailing at longer times. The chosen fits to these data, and the errors associated with
their extrapolation are discussed in Appendix J.

The corrosion rate of fuel inside an instantaneously failed container can now be calculated by the
procedure outlined in Fig. 5.3 using the fitted relationships for fuel corrosion rates as a function
of radiation dose rate (Fig. 5.6) and the calculated decay curves for alpha, beta and gamma
radiation (Fig. 5.4).

The total fuel corrosion rate per unit area of the corroding surface, c(t) (molm^a1), is given by
the sum of the rates due to each radiation source and the threshold dissolution rate value (Re),

= 10b«[a(t + tc)}a« +10bP{|3(t+tc)}
aP +10b*{FY(t+tc)}air +RC (5.4)
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FIGURE 5.6: Fuel Corrosion Rates Used in Predictions (Calculated for 100°C) Plotted
Logarithmically as a Function of Radiation Dose Rate: A - Rates Used
for Alpha Radiolysis; B - Rates Used for Gamma/Beta Radiolysis. The
solid lines are the fitted lines and the dashed lines the ± l a values of this
fit. The fitted parameters are given in Table 5-2. The horizontal lines
show the range of dose rates between fuel ages of 10 a and 1000 a for
alpha (a), beta (|3) and gamma (y) radiation, respectively.
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TABLE5-2

PARAMETER VALUES USED IN CALCULATING

USED FUEL DISSOLUTION RATES IN A FATI F.D CONTAINER

Parameter

Mass of fuel per
container
Area of fuel per
container
Maximum
temperature
Chemical diss'n
rateat55°C
Alpha fuel dose
exponent
Alpha fuel rate
convert factor
Beta fuel rate
convert factor
Gamma fuel rate
convert factor
Alpha dose vary
factor
Beta dose vary
factor
Gamma dose
vary factor

Symbol

m

A

T

Re

a«

bo

b.

Units

kg

m2

°C

mol m2 a"1

Value

1533.6

306.72

100

2.20 x Iff7

2.7172

-23.1434

-8.5426

-8.5426

1.00

1.00

5.5

Distribution

constant

constant

constant

loguniform

constant

constant

constant

constant

triangular

triangular

uniform

Upper
Bound

1.39x10*

1.66

1.41

7.0

Lower
Bound

3.47 x Iff8

0.77

0.75

4.0

Reference

Appendix E

Appendix I

Equation 5.4

Equation 5.4

Equation 5.4

Equation 5.4

Appendix F

Appendix F

Appendix G

where a(t), 3(t) and *j(t) are the alpha, beta and gamma dose rates to water at the surface of a
single fuel bundle, and F is the factor for gamma radiation to convert the dose rate for a single
fuel bundle to that expected in the container (Appendix G); t = 0 corresponds to the time at
which water enters the container and tc is the time since discharge of the fuel bundle from the
reactor. The terms aa, \ â  and ba, bp, by are the fitting parameters for the slopes and intercepts,
respectively, of the lines plotted through the data in Fig. 5.6. The procedure used to fit the data to
obtain values of a and b is described in Appendix J.

The range of values for Re is shown in Fig. 5.7 and discussed in Chapter 5.3.2.7. In these
calculations we used a conservative assumption of constant fuel surface area, which is a good
approximation until most of the fuel has dissolved. The values of parameter and the types of
distribution used to calculate the rate are given in Table 5-2.

The corrosion rate, c(t), (from Eq. (5.4)) for ten-year old fuel (^ = 10 a), the range of values of Re
and the breakdown into contributions from alpha, beta and gamma radiolysis is shown in
Fig. 5.7. Figure 5.8 shows the fraction of used fuel dissolved for the median values of
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FIGURE 5.7: Predicted Corrosion Rates for the Reference Fuel (Assuming a Constant
Vault Temperature of 100°C) as a Function of Time of Emplacement in
the Vault Assuming the Container Fails at t = 0: ( ) total (c(t));
( ) rate due to P radiolysis (cp); ( ) rate due to gamma radiolysis
(cr); (— — —) rate due to alpha radiolysis (ca). The lower shaded area is
the range of threshold dissolution rate values (Chapter 5.3.2.7). The upper
shaded area is the range of measured fuel corrosion rates (Chapter 5.4.9
and Table 5-3).

parameters (solid line) as well as for a number of other example simulations. Figure 5.9 shows
the distribution of fuel fractions dissolved after 104 a of emplacement in the vault determined
from -250 simulations with the used fuel dissolution model.

According to the predictions of Fig. 5.7 , corrosion due to alpha radiolysis will be insignificant
since the rate is always less than the range of threshold values for the solubility-limited
dissolution rate, shown as the lower shaded area in the figure. By contrast, corrosion rates due to
beta and gamma radiolysis are predicted to exceed the threshold value for -1000 a, due
predominantly to the high dose rates for beta radiation for this period (Fig. 5.4). If we were to
consider gamma radiation only, then corrosion rates would fall below the threshold value in 200
to 300 a, consistent with our previous calculations for the effects of gamma radiation only
(Shoesmith and Sunder 1991).
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Tims[8]

FIGURE 5.8: Fraction of Used Fuel Dissolved for the Median Values of Parameters
(from Table 5-2)

Also plotted in Fig. 5.7 is a shaded area (the upper area) showing the experimental values
observed for the corrosion of used fuel with a bumup higher than that for the reference fuel used
in our calculations. The upper bound of this area is the rate at 100°C (9.4 ± (4.8)
x 10"3 molm^a1) calculated from the rate measured at 22°C in neutral non-complexing solution
(0.54 ± (0.28) x 10'3 m o l m V ) using our activation energy of 33.5 kJmol"1 (Shoesmith et al.
1995b). The lower bound is for a rate one order of magnitude lower. This range represents the
uncertainties encountered in measuring the surface area of spent fuel specimens (Shoesmith et al.
1995b).

The characteristics of used fuel used in the dissolution rate experiments have been compared to
those of the reference used fuel considered in our calculations (Table 5-3). Of greatest
importance when attempting to predict the corrosion rate is the sum of the beta and gamma dose
rates since it is the oxidants produced by these two processes which have the major influence
(the effect of alpha radiolysis is negligible). Consequently, we would predict approximately the
same corrosion rate for both fuels since this sum is nearly the same for both fuels (Table 5-3).
The predicted and experimental values are surprisingly close though this may be fortuitous, since
the experimental rate chosen for the comparison is the upper limit of the range of possible rates.
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TABLE5-3

CHARACTERISTICS OF THE REFERENCE USED FUEL USED FOR

THIS ASSESSMENT AND THAT USED IN EXPERIMENTS

Parameter

Age (a)
Burnup (GJ(kg U)"1)
Dose Rate *(Gy a"1)

alpha
beta
gamma

Experimental Corrosion Rate
(molm 2 a ' )
Predicted Corrosion Rate
(mol-m'2-a*')

Reference
Used Fuel

10
720

5.2 x 10s

3.3 x 106

1.4 xlO6

-

13.42 x 10"3

Experimental
Used Fuel

11
-1110

9.39 x 105

4.65 x 106

1.2 xlO4

9.4 ±(4.8)
x l O 3

13.25 x 10~3

* Includes the factor F (-5.5) to calculate the gamma dose rate in the array
of fuel bundles within the container.

If we were to accept a larger value for the surface area of fuel used in dissolution experiments
then a lower corrosion rate (within the range shown in Fig. 5.7) would be obtained, and the
margin of overprediction by our model would be greater.

5.3.2.10 Reliability of Predicted Corrosion Rates

A number of features of the calculations of corrosion rate require discussion. The prediction that
corrosion due to alpha radiolysis is insignificant can be attributed to two factors: (i) the corrosion
rate strongly depends on alpha dose rate (the slope (a) of the fitted line in Fig. 5.6a is 2.7
(Table 5-2)); and (ii) the alpha dose rates for the reference used fuel are 1 to 2 orders of
magnitude less than those used experimentally to determine corrosion rates (Fig. 5.6). This large
slope of 2.7 is not consistent with a simple dependence of corrosion rate on the concentration of
oxidants produced by alpha radiolysis. A possibility is that the dependence of corrosion potential
on alpha source strength on which these predictions are based is determined by a combination of
both corrosion of the fuel and decomposition of the radiolytically produced hydrogen peroxide.
If the latter process becomes more dominant at lower source strengths then we would observe a
dramatic decrease in corrosion rate as the source strength decreases. This situation has been
discussed in more detail elsewhere (Shoesmith et al. 1985, Sunder et al. 1987, Sunder et al.
1995) but a thorough understanding remains to be developed.
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FIGURE 5.9: Distribution of Fuel Fraction Dissolved after 104 a in the Vault

Experimental measurements to determine corrosion rates due to alpha radiolysis were made in a
thin crevice (Chapter 5.4.7) (Sunder et al. 1995) making the concentration of radiolytic oxidants
at the fuel surface dependent on the balance between their radiolytic production and their rate of
loss by diffusive flux out of the crevice. Intuitively, we would expect this surface concentration
to be larger the narrower the width of the crevice since this would reduce their rate of diffusive
loss. Consequently, our predictions could underestimate the effects of alpha radiolysis in tight
wet cracks in the fuel but would overestimate their effects on open surfaces with unconfined
geometry.

While the agreement between predicted and measured fuel dissolution rates is gratifying, this
may be partly fortuitous for a number of reasons. When applying our electrochemical model we
chose to extrapolate the highest values of anodic dissolution current recorded. The experimental
data show that a less conservatively chosen extrapolation (Fig. H-l .Appendix H) could yield
corrosion rate values one to two orders of magnitude lower than those used in our calculations.
This, coupled with the uncertainties involved in defining the corrosion rate of used fuel (due to
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the difficulties in measuring/estimating surface areas) shows that considerable uncertainties still
exist in predicted corrosion rate values.

Despite these uncertainties, we have good grounds to believe that our predictions do not
underestimate fuel corrosion rates. A major problem in defining both electrochemical
dissolution currents and used fuel corrosion rates in neutral non-complexing solutions is the
unpredictable accumulation of corrosion products (e.g., UO32H2O) on the dissolving/corroding
surface, and the extent to which they block the corrosion process. The irreproducibility of this
process is thought to account for the scatter in current values in Fig. H-l (Sunder et al. 1996) and
for the problems encountered when trying to perform corrosion measurements on actual used
fuel specimens (Shoesmith et al. 1996). By extrapolating line 1 in Fig H-l to predict corrosion
rates we have tried to avoid the effects of blockage of the corrosion process by deposited
corrosion products.

5.4 RADIONUCLIDE SOLUBILITIES

Precipitation of some radionuclides within the disposal container is accounted for in the
vault model in the same fashion as in the previous case study (Johnson et al. 1994b), with
the following modifications:

(1) Thermodynamic data for Tc have been modified based on recent
measurements (Lemire and Jobe 1996).

(2) The solubility of U is calculated in the same fashion as Th, Pu, Np and Tc,
by sampling over the groundwater parameter ranges given in Table 3-2.
Unlike the previous case study, U concentrations do not affect the
dissolution rate of the fuel. This is because the matrix dissolution rate in
the present study is based on corrosion rates rather than on equilibrium
solubility of U coupled to U mass transport.

(3) The Eh range sampled varies from 0.20 (magnetite/hematite) to 0.47 V
(magnetite/goethite) at pH = 0. This range of potentials is expected to
reasonably represent the environment within a disposal container that
contains large quantities of stainless or carbon steel. Conditions would
likely evolve from the higher end of this range to 0.20 V or less as all O2

was consumed by corrosion of Cu and steel.

(4) The solubility of Zr is calculated as described in Appendix A of Johnson et
al. (1995).

(5) For a number of radionuclides, concentration limits are determined by
fixed solubility limits. For radionuclides expected to be highly soluble
(including I, Cs and Rn), and for those for which the chemistry in natural
systems is complex to predict or is not well understood (including Ca, Cd
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and Po), the limiting solubility was fixed conservatively at a very high
value, 2 mol-L"1, to ensure that the precipitation which could delay
transport would not occur. On the basis of thermodynamic stabilities and
observed behaviour in natural and experimental systems, many of the
remaining radionuclides are expected to have limited, though measurable,
solubilities. For each of these radionuclides, a fixed solubility limit is
specified separately on the basis of its known and modeled chemical
behaviour over the range of expected vault conditions. Where
thermodynamic data are available, solubility estimates first were
calculated by a set of scoping calculations using the geochemical modeling
code HARPHRQ (Brown et al. 1991) and the HATCHES thermodynamic
database (Cross and Ewart 1990) to determine the concentration of the
radionuclide in equilibrium with groundwater for a range of pH and redox
conditions. The calculated concentrations then were compared with
tabulated estimates of concentration limits at similar geochemical
conditions (Berner 1995, SKB 1992) and were revised upwards where
more conservative estimates were indicated. The results are summarized
in Table 5-4.

Several redox-sensitive radionuclides are expected to be largely insoluble under reducing
conditions in a vault, but different solubility-limiting solid phases could become stable
under oxidizing conditions. This would result in increased aqueous concentrations. For
simplicity, the maximum solubility estimates for the elements Pd, Pa, Sb and Se were
based only on oxidizing conditions. This is a conservative assumption because
concentrations would be much less under reducing conditions.

55 MICROBIAL EFFECTS ON USED FUEL DISSOLUTION

Under oxidizing conditions, microbially mediated oxidation of UO2 to U(VI) by Fe(III)
can occur at pH values below 2.5 (Tuovinen 1990). The bacterial creation of acidity
under disposal vault conditions could only arise from the oxidation of pyrite (FeS2).
Although pyrite is present in granite in small quantities (<0.1 wt.%) and could become
oxidized during the aerated phase of the vault, the small amount of acid produced by its
oxidation would be rapidly neutralized by the clays used in the backfill and buffer. Thus,
although Fe(DI) oxides might be expected to form when aerated water enters the defective
container, the pH would be in the neutral region. Consumption of oxygen within the
container as a result of corrosion of copper (see Appendix E) and steel would occur
rapidly at their expected corrosion rates. In addition, the presence of an intense
y-radiation field within a defective disposal container shortly after emplacement would
essentially eliminate microbial activity near or on the fuel while radiation fields remain
high (Stroes-Gascoyne et al. 1995). Once reducing conditions are attained, oxygen is no
longer available for the microbially mediated oxidation of UO2 to U(VI).



- 7 6 -

TABLE 5-4

SOLUBILITIES OF RADIONUCLIDES USED IN THE VAULT MODEL

Np
Pu
Tc
Th
U
Ac
Be
Ca
Cd
Cs
H
Hf
I
K
Mo
Ni
Po
Rb
Re
Rn
Sr

Am
Be
C 14
Cm
Nb
Pb
Ra
REE's*
Si
Sn
Zr

Pd
Pa
Sb
Se

Solubility

(molL1)

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

1 x 10"'
4 x 10'
5 x 10"2

1 x 10 '
1 x 103

1 x 10 '
1 x 10 '
IxlO^1

5 x 102

lxlO"4

1 x 10"3

2 x 10*
1 x 10*

2
2

Berner
(pH9,Eh

"Realistic"
(mol-L'1)
1 x 10-'°
1 x 10"8

1 x 10"7

5 x 109

not.lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.

1 x 10'
4 x 10"5

5 x 102

1 x 10'
1 x 10"3

1 x 10'
1 x 10"'
1 x 10""
5 x 102

1 x 10"

1 x 10"
1 x 10"'°
6 x 10'
1 x 10"

(1995)
-400 mV)

"Conservative"
(mol-L'')
1 x 10"*
1 x 10*

—
1 x 10"1

not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.
not lim.

1 x 10"'
4 x 10*
5 x 103

1 x 10"'
1 x 10"3

1 x 10"'
1 x 10"9

1 x 10'

1 1 x 1 0 '

2 x 10*
1 x 107

6 x 10"'
—

Comments

calculated as described
by Johnson etal. (1994b)

unrevised*
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised
unrevised

calcite precipitation

co-precip'n with calcite

SiO2 am

Johnson et al. (1995)

* unrevised from values used in Johnson et al. (1994b)
* = La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Dy
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5-6 RADIONUCLIDE RELEASE FROM THE ZIRCALOY SHEATH

The corrosion behaviour of Zircaloy has been discussed by Johnson et al. (1994b). It is
expected that activation products in the Zircaloy would be uniformly distributed; thus
they could only be released by congruent dissolution. The adherence of the corrosion
product to the zirconium metal suggests that radionuclides would be incorporated into the
oxide film as corrosion progresses. As a result, they would only be released when the
oxide dissolves.

In the vault model, the rate of dissolution of the Zircaloy is determined by the solubility
of Zr and the rate of diffusion of dissolved Zr from the container. The solubility of Zr is
sampled from a lognormal distribution with a geometric mean of 1.8 x 10'9 mol L"1 and a
maximum of 10"3 mol L"1 as described in Johnson et al. (1995). An alternative approach
would be to use a corrosion rate model, conservatively assuming that radionuclides are
released at the rate of corrosion. For a conservatively estimated corrosion rate of
0.01 nm-a"1, the fuel sheath would release all its inventory of 36C1 and 14C in several tens
of thousands of years, considerably faster than with the solubility model. Nonetheless,
this would make very little difference to the dose estimate results presented in
Chapter 6.5. This is because the total inventory of 36C1 in the fuel is ~8 times larger than
in the sheath and the total release of 36C1 in 104 a from the fuel is typically 10 to 15% of
the total inventory. For 14C, total releases would likely be slightly larger with a corrosion
rate model, but the overall impact would be small because 14C is a small contributor to
overall dose.

57 SUMMARY OF THE FUEL DISSOLUTION MODEL

In the present assessment, the only container failures expected to occur are those arising
from manufacturing defects. The model developed for radionuclide release from used fuel
describes two processes occurring in such containers. The first involves instant release of
a fraction of the inventory of some radionuclides. This model remains the same as
described in detail in the previous case study (Johnson et al. 1994b), and only data
changes were made where new information was available (see Table 5-1).

The second process, which applies to both the used fuel matrix and the Zircaloy sheath,
involves congruent release of radionuclides. For the dissolution of the fuel matrix, the
possibility of groundwater contacting the fuel shortly after container emplacement leads
to the need for a kinetic dissolution model that takes into account the effects of radiolysis
of water on fuel dissolution rates. For this model, the dissolution rates have been derived
from an electrochemical model that takes into account the oxidizing effects of gamma,
beta and alpha radiolysis. The rate therefore decreases with time as radiation fields
decrease. The model conservatively assumes that water enters the container immediately
upon container emplacement and that sheath failure also occurs immediately. After
approximately 1000 a, the fuel dissolution rate reaches a low value, which is assumed to
remain constant thereafter. For the early stages of matrix dissolution, the results obtained
with this model are similar to those obtained in a preliminary calculation discussed in
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Johnson et al. (1994b, p. 267). In the long term, however, the use of a constant low
dissolution rate, as opposed to the assumption of redox equilibrium in Johnson et
al.(1994b), leads to complete dissolution of the fuel in ~106 to 107 a. Natural analogue
studies (Cramer 1994) suggest that the long-term predictions of the model are extremely
conservative. By choosing a very conservative constant lower limit for the fuel
dissolution rate, we have drastically overemphasized the long-term extent of fuel
corrosion. The rate chosen really only represents the lower limit of reliability of our
model and ignores the effect on the corrosion rate of the long-term decay in radiation
dose rates which would occur in the time period 103 to 106 a (Johnson et al. 1994a,
Fig. 2.5). Since dose rates in the used fuel will approach those in natural uranium ore
deposits within approximately 105 a, this neglect of the decay will clearly lead to a major
overestimate of the extent of fuel dissolution.

The rate of dissolution of the Zircaloy matrix is determined by two factors: the solubility
of zirconium and the rate at which zirconium is removed from the container (by diffusion
through the defect in the container). For the Zircaloy matrix, the congruent-release
mechanism is modeled using a solubility parameter for zirconium and by parameters that
describe mass transport from a failed container.

Radionuclides released from the fuel are assumed to dissolve in the pore water within the
container. For Pu, Th, Tc, U and Np, solubilities are calculated by sampling over the
expected range of groundwater chemistry parameters and precipitation may occur. For
other elements, conservative upper bound solubilities have been estimated and are used to
determine if precipitation occurs.

6. THE RADIONUCLIDE RELEASE AND MASS TRANSPORT MODEL

6-1 INTRODUCTION

We describe here the key features of the vault model for the in-room emplacement design
considered in this study. The model simulates radionuclide release from the used fuel and
Zircaloy sheaths to the interior of the container, precipitation inside the container for
radionuclides whose solubilities have been exceeded, mass transfer of radionuclides through
a pinhole in a small number of initially defected containers, through the buffer, backfill and
EDZ into the surrounding rock. Various aspects of the model such as the Boundary Integral
Model (BIM) for mass transport (Kolar and LeNeveu 1995, LeNeveu and Kolar 1996) and
the pinhole defect model (LeNeveu 1996) have been previously described. In this
document, the model is presented at the conceptual level. Readers are referred to the above
reports for the mathematical development of the model.

The vault design for in-room emplacement consists of a series of elliptical cross-section
tunnels excavated into the rock at 500 m below the surface (Fig. 2.1). Two container
designs are being considered: a single copper shell container supported internally by packed
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particulate, and a dual copper/carbon steel shell design (see Chapter 4.2). Successive layers
of buffer and backfill surround the containers and fill the disposal rooms. An EDZ is
assumed to exist around the excavated room. The vault model for a room consists of nested
cylindrical regions of container with a pinhole-size defect (point source) buffer, backfill and
EDZ surrounded by rock. The model geometry for a vault room is contrasted with the
design of a vault room in Fig. 6.1.

6.2 INTERFACE WFTH THE GEOSPHERE MODEL

To account for the variability in the hydrogeological properties of the rock, and for
differences in room lengths, the vault is divided into twenty-four sectors (Fig. 6.2). The
rock associated with each vault sector is assumed to have uniform hydrogeological
properties. The rooms in each sector are of a constant length. Each room within a vault
sector is assumed to be enveloped by an EDZ. The EDZ is considered to be a necessary
feature of the vault model because of the relatively large groundwater velocities assumed in
the system assessed. The vault model determines the outward radionuclide flux integrated
over the entire surface of the EDZ from a single failed container within the room. Should
more than one container fail within a vault sector, the integrated flux for a single container
is multiplied by the number of failed containers. The total integrated flux from each vault
sector is the source for the geosphere model.

The vault model requires as input a number of parameters that are related to the properties
of the geosphere (the rock surrounding each disposal room comprising the vault). These
are the porosity, the axial and radial components of the dispersion length (or coefficient),
and the average Darcy groundwater velocity in all media.

The radial dispersion length aRR, must be comparable to the thickness of the EDZ, and is,
thus, chosen to be a fraction of the axial dispersion length, ayy;

The transverse dispersion length due to radial flow, aRy , in the EDZ is expressed as a

fraction of the transverse dispersion length due to axial flow, ayR ;

The porosity in the EDZ, ED, is sampled separately from its PDF, however, it is not
allowed to be less than the porosity in the rock (eR). Thus, if the sampled porosity is
the value used in the vault model would be

(6.3)
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FIGURE 6.2: Model Geometry at the Interface Between the Vault and the Geosphere

All other porosities and dispersion coefficients are uncorrelated and their sampled values
are used unmodified.

The components of the average Darcy velocity in different media (i.e., the backfill and
EDZ) are all proportional to the Darcy velocity in the surrounding rock (i.e., to the
hydraulic conductivity and gradient in the vicinity of the room). The formulas expressing
this proportionality were obtained using simplified concepts of the distribution of the
groundwater flow among the different media based on the resistance (permeability) of
each medium to the water flow.
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The radial (i.e., representing the velocity component perpendicular to the long axis of the
room) Darcy velocity in the EDZ, V^ , calculated by an equivalent resistor model, is

T ^ V R ( 6 4 )Z ^
A F k F + A z k z + ( l - A F - A z - A B ) k R

where Az, AF and AB are related to the cross-section of the EDZ, backfill and buffer as
determined from

21,
A=-f (6.5)

where Tj is the thickness of the buffer, backfill or EDZ and S is the centre to centre
spacing of the disposal rooms. In Eq. (6.4), kR and kp are the permeability in the rock and

T T

backfill, k£ is the radial permeability in the EDZ and V^ is the component of the Darcy
velocity in the rock, orthogonal to the long axis of the disposal room. The value of k z

should not exceed the permeability of the rock; it is given by:

(6.6)

where k z is the axial permeability of the EDZ.

The radial Darcy velocity in the backfill, VjT, calculated by an equivalent resistor model
is:

A F k F + A z k z + ( l - A F - A z - A B ) k R

The axial Darcy velocity in the room is given by the minimum of the Darcy velocity
determined by water collection (Pusch et al. 1991, Harr 1962) and that determined from
direct application of Darcy's law.

The axial Darcy velocity in the EDZ, V^z, as determined by water collection from a

hemisphere of radius lORz at the incoming end of the room, is given by

A 20V£(L + 10Rz)Rzkg
c z = . (6.8)

9(BFkF+Bzk£)
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Here, BF is the cross-sectional area of the backfill and B z is the cross-sectional area of the
EDZ; Rz is the outer radius of the EDZ and V^ is the component of the Darcy velocity in
the rock parallel to the axis of the disposal room.

The axial Darcy velocity in the backfill, V A
F, also determined by water collection from

the region at the end of the room, is given by

9 ( B F k F + B z k £ )

The axial Darcy velocity in the EDZ from Darcy's law, VpZ, is:

V£ Z =^V£ . (6.10)
kR

The axial Darcy velocity in the backfill from Darcy's law, V^p, is:

V & = - ^ v £ . (6.11)
kR

Thus, the axial Darcy velocity used in the vault model in the EDZ, v £ is given by

v£=min(v£z,v£z) . (6.12)

The axial Darcy velocity used in the vault model in the backfill zone, V p is given by:

VpA=min(Vc
A

F,v£F) . (6.13)

The Darcy velocity in the buffer is assumed to be zero (see Chapter 3.5).

It will be shown in Chapter 6.4 that the values of the components of Darcy velocity as
given by Eqs. (6.4), (6.7), (6.12) and (6.13) compare favourably with the volume average
values obtained in a three-dimensional finite element model of an emplacement room and
its surrounding rock.

63 MODEL SYNOPSIS

The five main components of the vault model are:

1) container failure,
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2) release of radionuclides from the used fuel and Zircaloy to the interior of the
container following failure,

3) release of radionuclides from the container defect into the buffer,

4) solubility constraints on the radionuclide release rates into the buffer, and

5) mass transport of radionuclides across the buffer, backfill and EDZ.

The following summarizes the approach used in each of these areas. More detail, including
the mathematical formulations, is given in LeNeveu (1996) and LeNeveu and Kolar (1996).

6.3.1 Container Failure

The vast majority of containers are expected to survive intact for >106 a. The migration of
radionuclides is assumed to take place only from containers with initial fabrication defects.
The median probability of failure is sampled from a truncated Iognormal distribution
(Johnson et al. 1994b), with a median value of 2 x 10"4. The number of containers failing in
a given sector is determined by random sampling from a binomial distribution according to
the number of containers in each sector and the probability of fabrication defects.

6.3.2 Radionuclide Release from the Used Fuel and Zircaloy to the Interior
of the Container

For both the packed particulate container and the dual-shell container (Figs. 2.2 and 2.3),
there is assumed to be a continuous diffusion path from the fuel through a defect in the
copper shell to the buffer. For the dual-shell container, the inner carbon steel shell is
assumed to fail immediately after emplacement in a manner similar to the copper shell
(Chapter 2.6). It is assumed that the defected containers become saturated with water
immediately upon failure. This is a very conservative assumption. To saturate the material
in the container, water from the rock must first saturate the buffer and backfill and then pass
through the small defect to fill the container. These processes could take a very long time
depending on the hydraulic conductivity of the various media in the system and the supply
of water from the geosphere. The time required for saturation of clay-based materials in the
vault and the time to fill a defective container are discussed in more detail in Chapter 3.3.2.
Calculations indicate that the defect size would not increase significantly over the time of
the assessment (See Chapter 4.6)

Another case is evaluated that applies only to the dual shell container. It is assumed that the
inner steel shell remains water-tight for about one thousand years. This is based on a
conservative estimate of the average corrosion rate of carbon steel under anaerobic
conditions of -10 | ima ' (Blackwood et al. 1994). It is assumed that magnetite film growth
from anaerobic corrosion in the space between the two shells ultimately causes the failure of
the internal steel shell; thus, the defect in the Cu shell could become significantly larger
(Garroni et al. in preparation), although studies suggest that this is unlikely (Hoch and
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Sharland 1993). However, the extent to which this might occur is difficult to estimate. To
provide a bounding analysis, the defect size is made equal to the external surface area of the
container. This large size prevents the defect from restricting mass transfer from the
container to the buffer.

After ingress of water, radionuclides are released from the fuel into the interior of the
container by two mechanisms, instant release and congruent release. Instant release refers
to the rapid release of the inventory of radionuclides in the fuel-sheath gaps and on the grain
boundaries of the used fuel (Chapter 5.3.1). It is assumed that this inventory is immediately
dispersed into the water-filled interior of the defected containers.

Congruent release refers to the relatively slow release of radionuclides immobilized in the
matrix of the used fuel and the Zircaloy sheaths. These radionuclides are released according
to the degradation rate of the matrix and the fractional abundance of the radionuclide within
the matrix. The degradation of the used fuel is determined by radiolysis of water occurring
at the fuel surface. Radiolysis and the subsequent rate of degradation decrease with time.
At very long times, when radiolysis effects would be very small, the degradation rate of the
fuel is determined by an assumed constant rate of chemical dissolution. These processes are
described in more detail in Chapter 5.3.2. The degradation of the Zircaloy sheath is
determined by the solubility of zirconium. This solubility is sampled from a distribution, as
described in Johnson et al. (1995). The solubility-controlled degradation rate of the sheath
is determined by the rate of mass transfer of the dissolution products through the defect in
the container. Equations describing this phenomenon are given in LeNeveu (1996).

6-3-3 Release fromi theContainer Defect to the Buffer

A response function has been developed for the diffusion of a radionuclide through a
container defect into the buffer due to a unit impulse discharged into the interior of the
container (LeNeveu 1996). To obtain the total release rate of a radionuclide from the defect
into the buffer, the sum of the instant and congruent release rates into the interior of the
container are convoluted with the response function. The convolution process is a
mathematical means by which the release rate from the defect to the buffer due to a series of
unit impulses discharged at separate times into the container are combined. The sum of all
the unit impulses constitute the instant and congruent release rate of a radionuclide into the
interior of the container. The total mass of radionuclides accumulated inside the container
during this process is determined, taking into account nuclear transformations.

6-3.4 Solubility Constraints on the Release Rates into the Buffer

Equations have been developed that describe the diffusion of a radionuclide through a
container defect into the buffer for radionuclides whose concentrations in the interior of the
container remains constant at their solubility (LeNeveu 1996). These equations provide an
upper limit on the rate at which a radionuclide can be released from the defect into the
buffer. Should the instant and congruent release rates from the defect to the buffer as
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determined by the convolution process, exceed the solubility-controlled release rate from
the defect to the buffer, the radionuclide is precipitated inside the container. The release
rate from the defect to the buffer is determined by the solubility of the precipitate until such
time as the precipitate has been completely dissolved. At this time the release rate from the
defect to the buffer reverts to the rate determined by the convolution process. The effect of
nuclear transformations are accounted for in this process.

The solubility of five elements, Th, U, Np, Pu and Tc are determined by thermodynamic
equations developed by Lemire and Garisto (1989). The reference groundwater
compositions used to calculate solubilities is given in Table 3.2. Updates to the
thermodynamic data for Tc required for these calculations are described by Lemire and Jobe
(1996). An upper limit on the solubility of the other elements has been estimated with the
aid of chemical speciation codes (See Chapter 5.4). Effective solubilities of isotopes were
determined by multiplying the element solubility pertaining to the isotope by the time-
varying isotopic ratio.

The solubility-controlled release rate from the defect forms the input to the buffer, backfill
and EDZ.

63.5 Mass Transfer Across the Buffer, Backfill and EDZ

Using the boundary integral method, response functions for a decay chain have been
developed that describe the integrated flux over the outer surface area of a disposal room
due to a unit impulse of radionuclide discharged from a point along a central axis through
the buffer (LeNeveu 1996). The point is assumed to correspond to a small defect in a
container. The response functions are for nested cylindrical regions composed of buffer,
backfill and EDZ surrounded by rock infinite in radial extent. The EDZ is considered to be
part of the room.

The space occupied by the containers in the room is excluded from the model. This is
appropriate because the container surface remains intact for virtually all the containers,
preventing radionuclides from diffusing into the space occupied by the containers. The
radius of the buffer and backfill are chosen to conserve the volumes of these materials. In
the Boundary Integral Model (BIM) incorporated into the vault model the rooms are
cylindrical whereas the vault design calls for rooms with an elliptic cross-section.
Comparisons of the BIM with a three dimensional finite-element model that uses
rectangularly shaped rooms indicate that the shape of the room is not important as long as
volumes of the buffer, backfill and EDZ are conserved (Chapter 6.4 and Kolar and LeNeveu
1995). The finite-element model spreads the initial source over a small spatial element
rather than concentrating the source at a point. The comparison between the two models
indicates that the use of a point source rather than a small elemental source is unimportant.
The finite-element model also uses a finite external rock region rather than an infinite
region as employed by the vault model. The comparison between the two models indicates
that beyond about 150 m from the room boundaries, the spatial extent of the external rock is
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not an important factor. The comparisons with the finite-element model are discussed in
more detail in Chapter 6.4

The presence of the concrete along the floor of the room is not included in the model. This
should be a conservative assumption because the concrete would serve as an additional
barrier to groundwater and radionuclide movement. The model does not discriminate
between light and dense backfill. This is justified because light and dense backfill have
similar mass transport properties even though their compositions are different (see
Chapter 3.5).

Continuity of flux and concentration integrated over the interface between adjoining regions
is used as the interfacial boundary condition between media in the BIM. Should it be
necessary to know the concentration or flux at every point along the room boundaries, a
more detailed boundary condition that required continuity of flux and concentration at all
points at the interface between adjoining media would be required. In the vault model, the
integrated flux over the entire room surface is used as a source term for the geosphere
model. Thus the spatial detail of mass transport over the boundary surfaces is not required.
One consequence of using integrated continuity conditions is that the model becomes
insensitive to the position of the source within the room. Comparisons with the finite
element model, which exhibits sensitivity to the position of the point source, indicate that
for the parameter values typical of this assessment, integrated room release is not very
sensitive to source position. In any case, any dependence on source position would tend to
be averaged over many simulations. Since the vault model uses an averaging procedure in a
single simulation, the average dependence of source position should be adequately
represented.

The boundary condition employed at the ends of the room in the BIM sets the flux equal to
the product of the concentration of the radionuclide and one half of the Darcy velocity. It is
assumed that the concentration is uniform over the end surfaces of the room. This is a
convective type boundary condition that will allow radionuclides transported to the ends of
the room to escape providing there is an axial groundwater velocity in the medium. For
zero groundwater velocity, there will be no release from the ends of the room. This is
reasonable considering the rooms would be sealed at the ends with low permeability
bulkheads and grout. Furthermore, the area of the room ends is very small compared to that
of other surfaces and, thus, their capacity for mass transfer is correspondingly small. In
addition, in the presence of a strong convective, near vertical, groundwater flow field, as
assumed in this assessment, the radionuclides will tend to be transported outwards into the
rock before they can migrate throughout the room.

The vault model assumes that the groundwater velocity is negligible in the buffer but uses
spatially uniform radial and axial components of groundwater velocities in the backfill,
EDZ and surrounding rock. In reality the groundwater could have a vertical upward or
downward component within the room rather than a radial component and would be
spatially variable. Use of a radial velocity component should be a conservative assumption
because radionuclides would be carried outwards in all directions. A vertical velocity, on
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the other hand, would tend to move radionuclides outward in some parts of the room and
inwards in other parts. Comparisons with the finite-element model MOTIF indicate the use
of a uniform radial component to represent a vertical flow field is a good approximation.
These comparisons also indicate that the use of spatial uniformity in the velocities is a good
approximation (see Chapter 6.4)

The axial and radial components of velocity in the backfill and EDZ are determined from
the unperturbed groundwater velocities in the geosphere. The equations and assumptions
used in determining these velocities are described in Chapter 6.2.

To obtain the total release rate to the surrounding rock from a single defected container
within the room, the previously determined release rate from the defect to the buffer is
convoluted with the response functions for the disposal room.

6-4 VERIFICATION WITH MOTIF

Here we describe the verification of the approximate equations for the Darcy velocity
components of Chapter 6.2, and of the BIM of Chapter 6.3.5 for the calculation of the
integrated flux from a failed container into the geosphere.

These verifications are done by comparing the results of the finite element code MOTIF
with those obtained with the BIM. The finite element model of the disposal room and its
surrounding rock is the same for both cases (i.e., for the Darcy velocity determination and
the integrated flux calculation). The disposal room is modeled by three nested (coaxial)
regions of square cross-section, the innermost one representing the buffer around the
containers, the next one the backfill, and the outer one the EDZ. The volumes of these
three regions are the same as in the BIM (Fig. 6.3). We use two finite element models.
The first was chosen so that it resembled the simplified BIM geometry as closely as
possible (200 m of rock along the four long sides of the room and no rock at the ends;
constant Darcy velocity in each medium (LeNeveu and Kolar 1996)). This is called the
"fat" model. In the second, we model a typical disposal room that is flanked by two other
rooms with the centre-to-centre distance between the rooms being only 30 m. As it
would be difficult to model more than one disposal room, we have to use symmetry, and
place the outer auxiliary boundary of the MOTIF finite element model at the plane half-
way between the centres of two adjacent rooms. We refer to this model as the "slim"
model to distinguish it from the "fat" model in which the presence of neighbouring rooms
is neglected, and rock of equal thickness is placed on the sides of the room and below the
room. The orientation of the x and z coordinate axes for the purposes of verification
calculations is shown in Fig. 6.3. The y axis is identical to the long axis of the room. The
room dimensions corresponding to the current assessment case are given in Table 6-1.
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FIGURE 6.3: Comparison of the MOTIF (Solid Line) and BIM (Dashed Line) Disposal
Room Models for Dimensions of Table 6-1.

TABLE 6-1

BIM TO MOTIF CONVERSION OF

E DISPOSAL ROOM DIMENSIONS (m)

Region

buffer

backfill
EDZ

BIM
diameter

2.96
radial thickness

0.76
1.4

MOTIF
side of the square

cross-section
2.62

thickness
0.67
1.24

Room lengtfi = 206

All of these dimensions are fixed by the vault design, except for the EDZ thickness which
may vary. For the dimensions in Table 6-1 (corresponding to the mean value of the EDZ
thickness), there is thus (in the x direction) only 11.8 m of intact rock between the outer
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boundary of the EDZ and the symmetry plane between the two rooms in the "slim"
model. For this plane to be the actual symmetry plane for all the aspects of modeling,
there must be no groundwater flow across this plane, i.e., the component of the hydraulic
gradient (Darcy velocity) perpendicular to this plane must be zero. This limits somewhat
the class of cases that can be treated using this model. However, this limitation is not
severe because the orientation of the hydraulic gradient in the other two directions can be
arbitrary. At this symmetry plane we use the zero-gradient boundary condition,
9C/3x = 0. Above the room we consider the rock to extend only to the distance of 50 m
where the position of a major fracture is assumed. Here we require the swept-away
boundary condition C = 0. Below the room and at its ends we again put 200 m of rock.
Here, we assume the form of the diffusion boundary condition is not too important, and
we use the conservative C = 0 condition.

The flow field in each medium is inhomogeneous, generated self-consistently by MOTIF
using suitable boundary conditions. We need an interface between a large scale model
for groundwater flow in the disposal system (Stanchell et al. 1996) and its small subset, a
disposal room and its surrounding rock. An obvious way is to prescribe the values of
hydraulic heads at all nodes on all outer surfaces of the room-scale model. This is done
in the following way. We assume that in the absence of the disposal room (rooms), there
would be a locally homogeneous flow field in the rock corresponding to the local value of
the hydraulic gradient. In such a flow field the hydraulic heads are constant on the planes
perpendicular to the direction of the hydraulic gradient. In the presence of the room, we
simply require that the values of the hydraulic head on the outer boundaries of a MOTIF
finite element model are the same as they would be in the unperturbed rock. This is
expressed by the following formula:

h(X,,X2 ,X3)=h(O1 ,O2 )O3) + 2:gi (Xj-Oj) . (6.14)
i

Here (X1.X2.X3) are the coordinates of an arbitrary surface node of the local model,
h(Xi,X2,X3) is the value of the hydraulic head at this node, (Oj,02,03) is a reference point
(e.g., the centre or a corner of the room), h(O|,02,03) is the value of the hydraulic head at
this reference point in the absence of the room, and (g1.g2.g3) are the components of the
hydraulic gradient (in the original large-scale model). Using Eq. (6.14) everywhere gives
satisfactory results only if the local model is such that the flow at its outer boundaries is
not modified noticeably by the added inhomogeneities. This condition is not satisfied in
the "slim" model described above, in the region between two rooms, even if we limit
ourselves to the cases with gi = 0 as explained above. The solution is to use Eq. (6.14)
only on those boundary surfaces that are far away from the room, and to use the no-water-
flux boundary conditions for the flow at the symmetry planes between the rooms (at the
left and right model boundaries).

Finite elements for this model range typically from 0.44 x 0.44 x 2 m inside the buffer to
irregular hexahedral elements with some of their edges many tens of metres long near the
bottom of the model. For gi = 0 and the radionuclide source (failed container) positioned
on the axis of the buffer, both the flow field and the concentration profiles must also be
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symmetric with respect to the vertical symmetry plane of the room (corresponding to
x = 0). Using this symmetry, one needs only one half of the model, e.g. the region
0 < x < 15 m, which typically requires a grid with 17 937 nodes and 15 612 different
hexahedral elements of the above size. We have verified, in one case, that the MOTIF
results obtained in this way are the same as those obtained in the full model (with 31 224
elements).

All the pertinent parameters for the current assessment case are listed in Table 6-2 as
parameter set 1. Parameter set 2 was used for preliminary calculations prior to the
definition of parameter set 1.

TABLE 6-2

PARAMETER VALUES FOR MOTIF AND: COMPARISONS

Parameter Name

radial thickness of buffer (BIM)
radial thickness of backfill (BIM)
radial thickness of EDZ (BIM)
length of room
capacity factor of I in buffer
capacity factor of I in backfill
capacity factor of I in the EDZ
capacity factor of I in rock
decay constant of I29I
total intrinsic diffusion coefficient in buffer
total intrinsic diffusion coefficient in backfill
total intrinsic diffusion coefficient in the EDZ
total intrinsic diffusion coefficient in rock
axial dispersion length in backfill
axial dispersion length in the EDZ
axial dispersion length in rock
transverse dispersion length for axial flow in backfill
transverse dispersion length for axial flow in the EDZ
transverse dispersion length for axial flow in rock
radial dispersion length in backfill
radial dispersion length in the EDZ
radial dispersion length in rock
transverse dispersion length for radial flow in backfill
transverse dispersion length for radial flow in the EDZ
transverse dispersion length for radial flow in rock
viscosity of water
density of water

Parameter Values
Setl
1.48
0.76
1.40
206

0.275
0.275

5.0 x 105

1.0 xlO"5

4.41 x 108

6.93 x 103

6.93 x 103

1.38 x Iff7

2.76 x 108

0.345
29.8
30.5

5.00 x Iff3

0.362
3.05

0.345
0.298
30.5

5.00 x Iff3

3.62 x 10'3

3.05
9.72 x 10"4

1000.3

Set 2
1.47

0.805
1.13
214

0.241
3.47
0.05
0.003

4.41 x Iff"
6.30 x 10"4

6.30 x 10-4

9.25 x 10"6

5.55 x 107

10.5
10.5
10.5
1.05
1.05
1.05
10.5
10.5
10.5
1.05
1.05
1.05

1.47 x Iff3

1000.0

Units

m
m
m
m

a1

mV
m2a'
mV
mV

m
m
m
m
m
m
m
m
m
m
m
m

kg-m's1

_k£mL™
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6.4.1 Verification of the Darcv Velocity Components of Chapter 6.2

It is much faster (in terms of the CPU time) to generate only the stationary flow field in
the above model than to perform the subsequent transient calculation of the concentration
profiles for a given radionuclide source. Using the slim model described above, we have
thus performed a verification of Eqs. (6.4), (6.7), (6.12) and (6.13). The following
parameters were chosen for this verification: the value of the hydraulic gradient of
0.00520 for a 28 000 m3 a1 100 m-deep well case was used (Stanchell et al. 1996). This
corresponds to a value of the Darcy velocity in the intact rock of 1.65 ma"1. The
prevailing direction of the groundwater flow in the large scale geosphere model is
upwards in most of the vault. We have thus used in Eq. (6.14) a hydraulic gradient
inclined only slightly, by 10°, from the vertical direction, i.e., g = 0.00520 (0, cos 10°,
-sin 80°). The permeability of rock, kR, was isotropic, equal to 1017 m2. The same value
was used for the x and z component of the permeability of the EDZ. All dimensions were
fixed and the same as in Table 6-1, except for the radial thickness of the EDZ which
could assume one of the following five values: 0.9, 1.2, 1.4, 1.6 and 1.9 m. The y (axial)

component of the permeability of the EDZ , k £ , was also varied through the following
five discrete values: 10"17, 5 x 10'17, 1016, 10"15, 6.7 x 10'13 m2 (see Table 3-4). The
isotropic permeability of the backfill, assumed one of the following three values:
7.5 x 10"18, 2.37 x 1017 and 7.5 x 10"17 m2. These three parameters that were varied
represent those that are expected to influence most the value of the Darcy velocities. The
range of their variation was chosen to cover the range of the respective sampling
distributions in the vault and geosphere models. Using all the values listed above gives
75 cases altogether. For all 75 cases MOTIF was used to generate the flow field in the
slim model described above. For each case, the volume average values of the
components of the Darcy velocity were calculated in each of the three different regions of
the model (backfill, EDZ and intact rock). The mean Darcy velocity in the intact rock
was in all 75 cases equal to 1.65 ma'1 as given by Darcy's law. This indicates that the
model used was large enough that the assumption that the flowfield at the outer boundary
is unperturbed by the presence of the room is justified. The other mean values obtained
by MOTIF are denoted as follows: the axial component of the Darcy velocity in the
backfill is qp,y; the respective vertical component is qpy, the axial component of the Darcy
velocity in the EDZ is qz,y, and the respective vertical component is qz,z. These are
compared in Figs. 6.4 through 6.7 with the values obtained by the simple approximate
formulas of Chapter 6.2. If the two sets of results were identical, all the points would lie
on the displayed straight lines. One can see that the difference between the approximate
formulas of Chapter 6.2 and the "realistic" results obtained by MOTIF is rather small as
all the points in the four figures lie very close to the straight identity lines. This
difference is mostly conservative because most of the points lie above the straight identity
lines, which means that larger than real (as obtained by MOTIF) velocity values are used
in the vault model (which give larger radionuclide releases). This is confirmed by the
histograms in Figs. 6.8 and 6.9 where the distribution of the ratio of the magnitudes of the
approximate and real velocities among the 75 cases is shown. In most of the cases, the
ratio is close to 1 or larger than 1. The following definitions are used:
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and qZ=[(qz,y)2+(qz,z)"

and similarly for the approximate values:

V F = [ (V F
A ) 2

+ (V F
T ) 2 ]" 2 and V Z = [ (V Z *) 2

+ (V Z
T ) 2 ]" 2 (6.16)

6.4.2 Verification of the BIM results of Chapter 6.3.5

The process of verification of the BIM calculation of the integrated flux into the
geosphere is in many respects a two-way process of mutual verification (or calibration) of
the MOTIF code as applied to the solute transport modeling, and of the approximations
used to make the BIM approach feasible. Up to now, MOTIF has been applied primarily
to groundwater flow and heat transport problems, and its application to diffusive or
convective solute transport is inherently accompanied by the appearance of oscillations in
the calculated concentration profiles, especially in the vicinity of the concentration front,
that can lead to negative values of concentrations or unphysical reversals in diffusive
fluxes. Thus in the process of verification we have to show first that the presence of these
oscillations does not compromise the MOTIF results.

This process of two-way verification has been a rather lengthy one with many
comparisons being done before the values of parameter set 1 in Table 6-2 were finalized.
Therefore, many of the comparisons discussed below used variations of the parameter
values from parameter set 2 of Table 6-2.

The verification was done for 129I which has the longest half-life of all the readily
leachable radionuclides. The source unit of I29I is always situated on the long axis of the
disposal room. It is simulated with a nonzero concentration in a single node.

When used for the solute transport calculation (in a given or internally calculated
groundwater flow field), the MOTIF program provides the pore-water concentration of
l29I, C(x,t), as a function of position, x, and time, t. For the comparison with the BIM
results, the total flux integrated over the outer surface of each region is needed. Let us
denote integrated flux through the outer surface of buffer, backfill and EDZ by F|(t), F2(t)
and F3(t), respectively. Let us further denote the total mass of I29I in the buffer, backfill
and EDZ by Mi(t), M2(t) and M3(t), respectively. Thus,

M i(t)=r i JC(x,t)dx, i = l,2,3 (6.17)

Here r, is the capacity factor of the i-th medium, and V* is the volume of this medium.
Then the following global mass-balance equations hold:
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(6.18a)

(6.18b)

*3(t)=*2( t)+M3(0)-M3(t)-XjM3(t)dT . (6.18c)
0

Here X, is the decay constant of 129I, and

t

* i(t)=jF i(T)dT;i = l,2,3 (6.19)
0

is the flux integrated over the outer surface of the i-th medium, integrated further over
time. Equations (6.17) and (6.18) represent a link between the MOTIF output and the
integrated fluxes Fi(t) to be used for the comparisons with the BIM results. In the figures
below, we compare directly the doubly integrated fluxes Oj(t) (integrated over space and
time).

The BIM described in Chapter 6.3.5 (for more detail, see LeNeveu and Kolar 1996)
should give exact results for the integrated flux in the absence of groundwater flow. This
fact can be used for assessing the degree of precision that can be obtained in MOTIF. In
Fig. 6.10, the integrated contaminant fluxes for MOTIF and BIM are compared for the
case of identically zero groundwater velocity and also of zero decay constant. This figure
contains two sets of MOTIF results corresponding to different boundary conditions. This
is due to the fact that for a finite-element model, an auxiliary outer boundary somewhere
in the rock surrounding the disposal room has to be specified, and suitable boundary
conditions specified on this boundary. In the case of Fig. 6.10, this auxiliary boundary is
rather close to the room on all sides except at the ends, where there is no rock at all (here
we again use the "fat" model of the same type as in Leneveu and Kolar (1996), in an
effort to emulate the BIM geometry as close as possible). Using the C=0 boundary
condition everywhere is evidently more conservative because it forces the radionuclide
out of the whole model, and therefore also out of the room, faster than it would happen in
an infinite rock. On the other hand, the zero-flux boundary condition retains the
radionuclide inside the MOTIF model (in this case of no decay, the final state is given by
a constant C throughout the model; only a fraction of the total mass of 129I diffuses
through the EDZ/rock boundary; this corresponds to the zero-flux curve for <I>3(t) in
Fig. 6.10 leveling off at a value less than one; one corresponds to a unit source). The true
curve for Oj(t) should thus lie between the two MOTIF curves corresponding to the two
kinds of boundary conditions. This is what we see in Fig. 6.10, where the true curve is in
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this case exactly given by the BIM curve. This is in spite of the rather large spurious
oscillations in C(x,t) that are responsible for the negative minimum in the Oj(t) curve
corresponding to the passage of the oscillation front from the buffer into the backfill. It
thus seems that the MOTIF oscillations have little or no effect on the results for the
integrated flux, O3(t), through the outer surface of the EDZ.

Figure 6.11 refers to the same MOTIF geometry as Fig. 6.10, except that the calculations
are done for I29I and for axial groundwater flow with the same constant Darcy velocities
as in BIM. Two different thicknesses of rock around the disposal room are used in
MOTIF, 34 and 50 m. One can see that the separation between the curves obtained with
the two types of boundary condition as described above quickly decreases as the thickness
of rock is increased. For the thickness of 150 or 200 m being used in further
comparisons, the type of boundary condition becomes practically irrelevant. The two
different curves (marked by filled squares and diamonds) for the zero-flux boundary
condition were obtained with rather different finite-element grids and different sizes of
initial time steps. Nevertheless, both curves are practically identical. In general, MOTIF
results were found to be very robust with respect to the variation of the spatial grid (the
size and shape of the finite elements) and the size of the time steps. On the negative side,
this means that it is impossible to get rid of the unphysical oscillations in the MOTIF
concentration, that give rise to the negative integrated flux 3>i(t) (see the behaviour of
Oi(t) at very short times in most of Figs. 6.10 through 6.16). Fortunately, as indicated by
Figs. 6.10 and 6.11, this phenomenon does not seem to have much effect on the flux
through the outer surface of the EDZ, 4>3(t), which is of main concern in our
comparisons. Thus, we can conclude that MOTIF results for the integrated flux,
especially for <J>3(t), reasonably represent reality and can be used to test the BIM results in
the more complicated cases that follow.

In Fig. 6.11, 4>3(t) levels off before reaching the value of one because, for the smaller
groundwater velocities, a significant part of 129I decays inside the room before it can be
carried away. MOTIF results depend on the source position. As the source position
approaches that end of the room towards which the groundwater flow is directed, all the
MOTIF curves in Fig. 6.11 move up and end up slightly above the BIM curve. For much
higher Darcy velocities this is shown in Fig. 4 of LeNeveu and Kolar (1996), but it also
happens for the parameters of Fig. 6.11. However, as will be discussed below in relation
to Figs. 6.15 and 6.16, in more realistic calculations using the slim model and MOTIF-
generated flow fields, the MOTIF release is delayed with respect to that from a fat model
with constant velocities and rock at the ends. As a result, BIM seems to be always
conservative with respect to the more realistic MOTIF results. The absence of rock at the
ends will speed up considerably the release from the room by convection through the
backfill and EDZ, when the source is near the end towards which the axial water flow is
directed. (When rock is present at the ends, the flow field in this region is highly
nonuniform, because there must be a transition from high water velocities in the backfill
and EDZ to much smaller velocities in the rock outside; the presence of this transitional
region will slow down the convection.) On the other hand, the averaging approximation
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used in the BIM decreases the release relative to when the source is near the outgoing end
of the room because this approximation tends to spread the concentration evenly over the
surface of a medium. The effect of these two approximations (absence of rock at the ends
and surface averaging) apparently partially cancel each other in such a way that the BIM
release is always slightly higher than the real release for any source position when there is
rock at the ends.

The constant Darcy velocities in Fig. 6.11 correspond almost exactly to using the axial
hydraulic gradient of 0.002 and the isotropic permeabilities kp = 2.37 x 10"17 m2,
kz = 10"17 m2, and kR = 1019 m2, in Eqs. (6.12) and (6.13). Figure 6.12 shows the first
realistic MOTIF results (by realistic we mean here that MOTIF generates the flow field
itself as described in the beginning of this section - see Eq. (6.14)). The above values of
hydraulic gradient and permeabilities are used together with parameter set 2 of Table 6-2
(except that the EDZ thickness is varied as indicated in Fig. 6.12 where the MOTIF EDZ
thickness is given: parameter set 2 corresponds to the MOTIF EDZ thickness of 1 m) in a
fat model with 150 m of rock in all directions, with the unit source at the centre. Mixed
boundary conditions are used: the C = 0 swept-away boundary condition on the top
(representing a major fracture zone) and dC/dn = 0 everywhere else. (These mixed
boundary conditions are also used in Figs. 6.13 through 6.16. As mentioned above, the
type of boundary condition really does not matter for a thickness of rock of 150 m. The
results are affected, however, when the distance to the fracture zone above the room is
only 50 m, as in all the cases that follow. Then the C = 0 boundary condition on the top
plane is important.) Comparing Figs. 6.11 and 6.12 shows that the MOTIF results for the
1 m case are almost the same, indicating that at least for this case the MOTIF geometry
and the way of generating the flow field is not very important.

Figure 6.12 shows that the BIM and the MOTIF results change in the same direction
when the thickness of the EDZ is changed. A proper treatment of the EDZ in the BIM
model is important because its properties have a considerable influence on the release
from the room. The results show that the integrated release increases as the thickness of
the EDZ increases. Thus, the EDZ does not act as a barrier, but as a preferential pathway
for transport out of the room. The thicker the EDZ, the faster the transport.

Figure 6.13 compares the BIM and MOTIF results for an oblique angle of the hydraulic
gradient. This comparison can be done only in the fat model, thus neglecting the
presence of the neighbouring rooms, as discussed in the introduction to this section. The
gradient is oriented mainly downward, resulting in a primarily upward flow, but it also
has an axial (y) and a transverse horizontal (x) component. In BIM the transverse (x and
z) components are represented by the radial flow. The permeability of the backfill is
again kF = 2.37 x 10 m2; it is the same in all the comparisons made here. Again, there
is 150 m of rock on the five sides of the room and only 50 m above the room. All other
parameters are indicated in the figure. The agreement between the BIM and MOTIF
results seems to be very satisfactory for this very large hydraulic gradient (VR

= 0.000605 ma 1 ) which is much larger than what one expects to encounter even in the
present case of the very permeable host rock. This agreement suggests that the BIM
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model representation of the transverse components of the real flow by a radial flow works
very well.

Figure 6.14 compares the results of the two approaches for another unrealistically high
value of the hydraulic gradient. This time the flow is purely axial and the slim model
(with only 12.4 m of rock on the sides), taking into account in an approximate way the
presence of the neighbouring rooms, is used. In this case, because of the very high axial
groundwater velocities, MOTIF shows some oscillations at about 105 a, but the agreement
between the two approaches is very good.

In Figs. 6.15 and 6.16, the same BIM results as in Figs. 2 and 4 of LeNeveu and Kolar
(1996) are used, and compared with realistic MOTIF calculations. The corresponding
hydraulic gradients are at the higher end of the range of values one can encounter in the
present geosphere. Figure 6.15 is for purely vertical flow, and again confirms the
conclusion that the BIM representation of the transverse flows is adequate.

Figure 6.16 shows that, unlike the constant-velocity fat MOTIF calculations of Fig. 4 of
LeNeveu and Kolar (1996), the realistic MOTIF calculations seem to yield release that is
always (i.e., for an arbitrary source position) delayed with respect to the BIM release (see
also the discussion of Fig. 6.10 above). It thus seems that the BIM model always gives
results that are conservative.

6.4.3 Justification of the Use of BIM

We wish to employ the best available technology to model radionuclide release and mass
transport in the vault. The finite-element method is well developed but is unsuitable for a
detailed probabilistic assessment of the proposed disposal system for several reasons. Some
of these reasons have been discussed above. Because of the resolution and scale problems
inherent in the finite-element method, it is only possible to simulate a small number of
disposal rooms. In fact, a model of a single room, as reported above, strained the
capabilities of the technique. Since the method is finite in nature it is necessary to impose
artificial boundary conditions on the external surfaces of the model. In the room-scale
finite-element model, above, both zero-flux and zero-concentration boundary conditions
were applied. Neither is really appropriate. The rock is essentially semi-infinite in extent
with spatially variable properties, bounded above by the surface biosphere. The finite-
element method suffers from unquantified inaccuracies as evidenced by the oscillations in
the solutions as reported above. In our experience, the computer resources required to
implement the finite-element method are so large as to render probabilistic assessments
impossible. To apply the method for a daughter radionuclide would require the input of
sources at every node in the model derived from the solution of the system for the parent.
This process would have to be repeated for each chain member. The method is not
sufficiently accurate or economical on computational resources for simulations of decay
chains to be feasible. It would also be very difficult to implement the variety of source
conditions used in the vault model, such as congruent dissolution, solubility-controlled
release, and precipitation within the container.
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The BIM is more than 104 times computationally more efficient than the finite-element
method for this simulation system. With the BIM we are able to perform a probabilistic
assessment. The BIM is semi-infinite in spatial extent. Artificial boundary conditions are
imposed only at the ends of the room where their ability to distort the solution are very
limited. Provided the occurrence of changing medium properties in the surrounding rock
occur sufficiently far away from the room, BIM is well suited for this disposal geometry and
is inherently more accurate than the finite-element method. Inaccuracies arise primarily in
the inversion of the Laplace transform solution and these inaccuracies are quantified with an
explicit error estimation. A further quality assurance and accuracy check has been
implemented into the BIM by comparing the time-integrated area under the response
functions for the buffer, backfill and EDZ with a separate solution to the time-integrated
area provided by direct numerical inversion of the Laplace transform solution of this area.
The BIM uses some approximations, namely, use of integrated continuity conditions at the
boundaries between different media, a cylindrical room cross-section rather than an oval
cross-section, and constant medium parameters such as groundwater velocity which would
otherwise be spatially variable. These approximations have, by comparison to the finite-
element solution, been shown to be acceptable. With the BIM we have simulated twenty
four vault sectors, for twenty eight radionuclides, and three decay chains. We have repeated
these simulations thousands of times to attain a reliable estimate of dose consequence and
have encountered no significant inaccuracies or numerical instabilities in any of these
simulations.

6.5 RESULTS FROM EXAMPLE SIMULATIONS

6.5.1 Introduction

To illustrate the vault model, four example simulations have been analyzed in some detail.
The first is a median value simulation where all input parameters were fixed at their median
values except those parameters controlling container failure. The parameters controlling
container failure were adjusted so that one container failed in each of the twenty-four vault
sectors. The other three simulations presented here are the ones giving the highest, second
highest and lowest maximum dose consequences from thirty-two simulations where the
input parameters were sampled from a fractional-factorial latin hypercube design (FFLH).
These four simulations are referred to as the median simulation, simulation 27, simulation
31, and simulation 3, referring to the median value, highest dose FFLH, second highest dose
FFLH and lowest dose FFLH simulations, respectively. These are the same system
simulations referred to by Goodwin et al. (1996a). In the four example simulations, sixteen
fission products and activation products and three actinide decay chains (4n+l, 4n+3, and
4n+2) were simulated. Radionuclides in the used fuel and Zircaloy are treated as separate
species. For instance 14C from used fuel, is differentiated from I4C from Zircaloy which is
designated as 14C(Z). The fission products and activation products simulated are: I4C,
I4C(Z), 36C1,36C1(Z), 135Cs, 137Cs, 129I, 93Zr->93mNb, 107Pd, 79Se, l26Sn=l26Sb, ^ S r ^ Y and
99Tc. The equal sign (=) indicates that the radionuclides were modeled as being in secular
equilibrium. The arrow (->) indicates that the radionuclides were modeled as being in a
decay chain.
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The actinides simulated are:

4n+l chain: 241Arn->237Np->233Pa->233U->229Th=225Ra=225Ac

4n+3 chain: 243Arn=239Np->239Pu->235U->231Th->23IPa=227Ac=227Th=223Ra

4n+2 chain: 238U=234Th->234U->230Th->226Ra=222Rn=2I0Pb=2I0Bi=210Po.

Twenty-four vault sectors were used for these example simulations. These interface with
twenty-four geosphere segments (Stanchell et al. 1996). Thus, the spatial discretization of
the vault model was the same as the discretization used in the geosphere model. The
simulations were carried out to ten million years.

In addition to these simulations, which assumed that the copper container defect size
remains constant with time, example simulations were done for the case where the inner
carbon-steel shell remains watertight for 1000 a and the defect in the copper shell becomes
enlarged due to corrosion-product formation (see Chapter 2.6).

Table 6-3 gives the maximum dose rates of the four highest contributors within ten million
years for the four example simulations.

TABLE 6-3

HIGHEST CONTRIBUTORS TO MAXIMUM DOSE (Sva1)

FOR THE EXAMPLE SIMULATIONS

Median

36C1 l.lxlO"7

79Se 6.5x108

126Sb 3.1xl0'8

Simulation 27
mi 1.3x10"*
79Se 6.3xl08

36C1 7.9xl08

126Sb 4.8xl08

Simulation 31
m I 1.2x10^
36C1 1.5xlOT7

l26Sn 6.9xlO9

l26Sb 2.9x10*

Simulation 3
^ 1 6.9x109

129I 4.0xl0"9

126Sn 1.4xlO12

135Cs 9.7xl013

Table 6-3 illustrates that there is some variability in the contributors to maximum dose rate.
Further analysis of a large number of simulations reveals that 129I is, on average, the largest
contributor to maximum dose consequence up to 107 years, followed by 126Sb, "Tc, 79Se,
and Sr (Goodwin et. al. 1996a). Based on these results only the following seven fission
products and actinides are discussed in detail here: 1291,90Sr, 36C1, "Tc, 79Se, l26Sn, and
l35Cs. Analysis of 126Sb is not necessary because it is assumed to be in secular equilibrium
with l26Sn.
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6.5.2 Model Inputs

In this section, we attempt to explain the results from the vault model in terms of the inputs
to the model. This is a difficult task given the fact that there are more than five thousand
input parameters for the system model. Four simulations are inadequate to elucidate the
sensitivity of the system to the input parameters; however some understanding of the
behaviour of the models can be gained by examining the four example simulations in detail.
We focus here on the input parameters to the vault model, which are:

parameters determining the number of failed containers
initial inventories of the radionuclides
instant release fraction
parameters determining radiolytic dissolution of used fuel
solubility of zirconium
effective radius of defect in container
length of the pinhole
internal volume of container
internal porosity of container
total intrinsic diffusion coefficient in pinhole
porosity of pinhole
disposal room length
total intrinsic diffusion coefficient in buffer
radial and axial components of Darcy velocity in backfill, EDZ and rock
radionuclide capacity factors in buffer, backfill, EDZ and rock
radionuclide diffusion coefficient in free water
radionuclide decay constants
tortuosity of rock and EDZ
porosity of rock and EDZ
parameters determining solubility
parameters determining groundwater velocities in the media.
number of vault sectors

Some of the above parameters are constant such as:

length of the pinhole
internal volume of the container
porosity of the pinhole
internal porosity of the container
disposal room length
number of vault sectors and
radionuclide decay constants.

Although the features of the physical system for the model are, in part, determined by the
constant parameters, the results from the model will not be sensitive to these parameters
because they do not vary. For this reason we focus the discussion on those parameters that
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do vary. The overall system sensitivity analysis, discussed by Goodwin et al. (1996a),
indicates that two sets of vault parameters can be discerned as being important to dose
consequence: (i) parameters determining the number of failed containers and (ii) parameters
determining the amount of used fuel dissolved. The axial permeability of the EDZ is also
an influential parameter. We attempt to explain these sensitivities as well as the overall
behaviour of the vault model, with reference to each of the variable parameters listed above.

6.5.2.1 Parameters Determining the Number of Failed Containers

Two sampled parameters and a constant parameter determine the number of containers
having initial defects. They are the probability of failure for a single container, a binomial
probability variate and the number of containers in a sector (LeNeveu 1994). In the median
simulation, the first two of these parameters were adjusted so that one container failed in
each vault sector. The number failing in other simulations varies. The number of failures in
each sector in the four example simulations is illustrated in Fig. 6.17. As discussed earlier,
sensitivity analysis indicates that the number of containers failing is important in
determining the dose consequence.

6.5.2.2 Initial Inventories for the Radionuclides

The probability distributions describing the initial radionuclide inventories are described in
Appendix A. The variability in initial inventories for the four example simulations is
illustrated in Fig. 6.18, which shows it to be very small; thus, intial inventories are
determined not to be important parameters in the overall sensitivity analysis. Although not
important, the relative initial inventory, radiotoxicity, mobility and half-life determine the
overall dose potential of a radionuclide. For instance, 129I has a relatively large initial
inventory, is very mobile and very long-lived. These factors account for its major
contribution to dose consequence. Technetium-99 has a larger initial inventory than I29I and
is more radiotoxic but less mobile; therefore, 99Tc does not have as large an influence on
dose consequence. The radiotoxicity is generally related to the half-life. Fission products
and activation products with short half-lives tend to be more radiotoxic; however, many of
these will decay in the vault before causing any consequence to man and the accessible
environment.

6.5.2.3 Instant-Release Fractions

The input distributions for the instant release fractions are given in Chapter 5.3.1. The
values in the four example simulations are shown in Fig. 6.19. The variability in the values
of the instant release fractions as shown by Fig. 6.19 is quite small. A substantial portion of
the fuel, relative to the instant release, dissolves as a result of beta and gamma radiolysis at
relatively short times. Because of these two factors, dose consequence is not very sensitive
to the instant release fraction.



-112-

Median Simulation
3.0

2.5

2.0

1.5

1.0-

0.5-

1 2 3 4 6 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

sector number

Simulation 27
3.0

2.5

2.0

1.5

1.0

0.5

n
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

sector number

Simulation 31

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

sector number

Simulation 3
3.0

2.5

2.0

1.5

1.0

0.5 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

sector number

FIGURE 6.17 Number of Containers Failing in Each Sector for Four Simulations
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6.5.2.4 Radiolytic Dissolution of Used Fuel

There are many parameters that determine the corrosion rate of used fuel (see Chapter 5.3).
A single calculated variable, the total fraction of the fuel matrix dissolved up to 107 a
captures the effect of these parameters. The fraction of fuel dissolved for the four example
simulations is given in Table 6-4 below.

TABLE 6-4

FRACTION OF FUEL DISSOLVED UP TO 107 YEARS

FOR THE EXAMPLE CALCULATIONS

median simulation
simulation 27 (highest dose)
simulation 31 (second highest dose)
simulation 3 (lowest dose)

3
8
5

.6

.9

.6

X

X

X

101

Iff1

Iff1

1.0

Although there is considerable variability associated with this parameter, the simulation
giving the highest dose to the critical group is not the same as the simulation having the
highest amount of fuel dissolved. The main reasons for this are that the large variability in
some parameters in the bioshpere model tends to overwhelm the impact of the relatively
small range in dissolution fraction and that four simulations are inadequate to determine
sensitivity in this complex system. Sensitivity analysis based on many more simulations
reveal that parameters determining the amount of fuel dissolved are important in
determining dose consequence (Goodwin et al. 1996a).

The fraction of the fuel dissolved can be quite large, to the extent that in one simulation the
entire amount of used fuel dissolves before 107 a. This is a reflection of the very
conservative nature of the dissolution model and is somewhat misleading. Figure 6.20
shows the fraction of fuel dissolved as a function of time for the four example simulations.
Between about 102 a and about 105 a the fraction dissolved remains at a relatively constant
plateau value. Since the peak release rate from the vault for most of the major contributors
to dose consequence has occurred before this time it is the plateau value that is important in
influencing the dose. The plateau values of the fraction of fuel dissolved are about the same
as the instant release fractions or smaller. We might expect that these two parameters
would be equally important in determining dose consequence. Because the fraction of fuel
dissolved has much more variability than the instant release fraction, sensitivity analysis
determines parameters controlling the fraction of fuel dissolved to be important and the
instant release fraction to be unimportant. At very long times the conservative use of a
corrosion rate model that neglects back reaction and resulting equilibrium conditions results
in a large portion of the fuel being dissolved.
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FIGURE 6.20: Fraction of Fuel Dissolved as a Function of Time for Four Simulations
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6.5.2.5 Solubility of Zirconium

The radionuclides in the zirconium matrix are insignificant contributors to the dose
consequence and thus do not warrant further analysis at this time.

6.5.2.6 Effective Radius of the Defect in the Container

This is the most important parameter controlling the mass transfer rate through the pinhole
defect because the other parameters are either constant, such as length of the pinhole, or
have small variability, such as diffusion coefficients in the buffer and in the pinhole. The
defect radius is varied from sector to sector for each simulation and also from simulation to
simulation. The variability for the four example simulations is illustrated in Fig. 6.21. This
parameter is important in determining the maximum release rate from each vault sector.
This is discussed in more detail later in this section. It is not very important, however, in
the overall sensitivity analysis because the variability in defect radius over all sectors tends
to average out and thereby diminish the influence of this parameter on the dose
consequence.

6.5.2.7 Dispersion and Diffusion Coefficients

Dispersion coefficients are determined from diffusion coefficients and groundwater
velocities according to the following simplified formula:

Dj = D, + aTVi + aLVj (6.20)

Here Dj is the ith component of the dispersion coefficient, Vj is the ith component of the
Darcy velocity, Di is the total intrinsic diffusion coefficient, ax is the transverse dispersion
length and &L is the longitudinal dispersion length. The distributions for the dispersion
lengths in the backfill and EDZ are given in Appendix B. Dispersion lengths in the rock are
a sampled fraction of the segment length in the geosphere (Stanchell et. al. 1996).

Since no groundwater movement is assumed to occur in the buffer and in the pinhole, the
total intrinsic diffusion coefficients in the pinhole and in the buffer control mass transport in
these media. The variability in the values of the total intrinsic diffusion coefficients in the
pinhole and buffer for the four example simulations is given in Table 6-5.

The variability of the intrinsic diffusion coefficients in the pinhole and buffer is small for
these simulations (less than a factor of 2 in the pinhole and a factor of five in the buffer).
These parameters are not found to be important in the overall sensitivity analysis.

The diffusion coefficients in the backfill, EDZ and rock are inconsequential because, with
the relatively large convective flow field associated with this assessment, the diffusion
coefficients have a negligible contribution to the dispersion coefficients. The probability
distributions for parameters determining diffusion and dispersion are discussed in more
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TABLE 6-5

INTRINSIC DIFFUSION COEFFICIENTS FOR THE EXAMPLE SIMULATIONS

Simulation

median simulation
simulation 27 (highest dose)
simulation 31 (second highest dose)
simulation 3 (lowest dose)

Pinhole (m2a')

1.0 x lO 1

l.Ox 10'
1.0x10'

Buffer (m2a')
_ _ r ~ " "
5.3 x 10"3

1.1 x 10"2

2.2 x 10"3

detail in Appendix B. The value of the dispersion coefficient depends on the groundwater
velocities as well as dispersion lengths. Thus, variability and importance of dispersion
coefficients is related to the variability and importance of groundwater velocity. The
variability in groundwater velocities for the four example simulations is illustrated in
Figs. 6.22 to 6.26 for the rock, EDZ and the backfill.

6.5.2.8 Capacity Factors

Capacity factors and solubilities determine the relative mobility of the radionuclides. As
discussed previously, relative mobility together with intial inventory and radiotoxicity
determine the relative importance of the radionuclides. Capacity factors are chemical
element and media specific and vary from simulation to simulation. The general formula
for determination of capacity factors, r is:

r = e + pbKd (6.21)

Here Kd is the radionuclide and medium-specific distribution coefficient, pb is the bulk dry
density of the medium, and e is the porosity of the medium.

The variability of capacity factors for the elements, I, Cl, Tc, Se, Sn, Cs and Sr in the buffer,
backfill, EDZ and rock for the four example simulations are illustrated in Fig. 6.27. The
variability in this parameter for different radionuclides can be very large, spanning many
orders of magnitude. Chlorine and iodine are not sorbed in any of the four media so the
respective capacity factors depend only on the porosity of the media. The porosity of the
EDZ is about three orders of magnitude smaller than that of the buffer and backfill.
Technetium is moderately sorbed in the buffer, strongly sorbed in the backfill and not
sorbed in the EDZ and rock. Selenium is slightly sorbed in all the media. Tin is moderately
sorbed in all the media. Strontium is moderately sorbed in the buffer and backfill and
weakly sorbed in the EDZ and rock. Cesium is quite strongly sorbed in all media.
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6.5.2.9 Tortuosity

The tortuosity of the EDZ and rock affect the total intrinsic diffusion coefficients of
radionuclides in these media. As discussed earlier the total intrinsic diffusion coefficients
make a negligible contribution to dispersion coefficients and thus should not effect the
release from the vault. Tortuosity of rock has an influence in determining effective
pathlengths in the geosphere model, and therefore this parameter could potentially have
some importance in the performance of the geosphere. In fact the overall sensitivity
analysis does not reveal tortuosity of the rock as an important parameter. This is discussed
further by Goodwin et al. (1996a). The tortuosity of the EDZ is not an important parameter
because convection dominates mass transport in this region of the vault.

6.5.2.10 Porosity

The porosity of the EDZ and rock is used to determine capacity factors and to determine
average linear groundwater velocities. The variation in porosities for the four example
simulations is given in Table 6-6.

TABLE 6-6

POROSITIES IN THE EDZ AND ROCK FOR THE EXAMPLE SIMULATIONS

median simulation
simulation 27 (highest dose)
simulation 31 (second highest dose)
simulation 3 (lowest dose)

EDZ
1.0 xlO"4

8.6 x 10"5

3.9 x 10"5

6.4 x 10"5

Rock
1.0 xlO"4

1.0 x 10"5

1.4 x 10"5

4.4 x 10"5

In this assessment the Darcy velocities in the rock are constant from simulation to
simulation. The porosity of the rock and EDZ are sampled. This means that the average
linear velocity, obtained by dividing the Darcy velocity by the porosity, varies from
simulation to simulation. This is illustrated in Fig. 6.22. Since the porosity of the EDZ and
rock influence both capacity factors and velocities, we might expect that the porosity of the
EDZ and rock would have some influence on dose consequence. Overall sensitivity
analysis, however, indicates that the influence of these parameters is not large.

6.5.2.11 Solubilities

As discussed earlier, solubilities for five elements, Tc, Pu, Th, U and Np are calculated
based on a large number of sampled thermodynamic and geochemical parameters. The
remainder of the elements, except for Zr which is sampled from a truncated normal
distribution, are given constant maximum solubilities as discussed in Chapter 5.4. Of the
fission products and activation products, only the solubility of Tc is small enough to lead to
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precipitation. The values of the solubility of Tc in the four example simulations is given in
Table 6-7.

TABLE 6-7

SOLUBILITIES OF Tc FOR THE EXAMPLE SIMULATIONS

median simulation
simulation 27 (highest dose)
simulation 31 (second highest dose)
simulation 3 (lowest dose)

solubility (mol-m'3)

1.53 xlcF
5.06 x lO'5

3.29 x 105

3.04 x 102

6.5.2.12 Groundwater Velocities

The Darcy velocities in the rock are determined from the finite-element code MOTIF
(Stanchell et al. 1996) and are constant for all simulations. The porosity of the rock is
sampled; thus, the average linear velocity in the rock varies from simulation to simulation
and from segment to segment as shown in Fig. 6.22. The radial and axial components of
the Darcy velocities in the EDZ and backfill are determined from the components of the
Darcy velocities in the rock as explained in Chapter 6.2. Their pattern of variation from
sector to sector matches the pattern of variation in the linear velocities in the rock. The
radial and axial Darcy velocities in the EDZ and backfill vary from simulation to simulation
because the parameters used in their determination are sampled. The variation of the
components of the Darcy velocities in the EDZ and backfill are illustrated in Figs. 6.23 to
6.26.

These figures show that the Darcy velocities in the EDZ are about one order of magnitude
higher than in the backfill and about two orders of magnitude higher than in the rock. The
axial velocities in the EDZ are larger than the radial, while the radial velocities in the
backfill are larger than the axial. These patterns are consistent with the values of the
hydraulic head gradients and the relative permeabilities in the media. In particular, the EDZ
is anisotropic having a greater permeability in the axial direction. The backfill and rock
have isotropic permeabilities. The backfill has a somewhat larger permeability than the
rock. Vertical head gradients tend to be larger than horizontal in the vicinity of the vault.

The other notable feature of these velocity patterns is that when the Darcy velocities in the
EDZ are relatively small in a simulation, the backfill Darcy velocities are relatively large.
As explained in Chapter 6.2, Darcy velocities in the EDZ and backfill are determined by
water mass balance with the Darcy velocities in the rock. The EDZ and backfill tend to
share the available water so that the relative velocities in these two media tend to
complement each other. Overall sensitivity analysis indicates that the axial permeability of
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the EDZ is an influential parameter. Both the axial and radial velocities in the EDZ are
dependent on this parameter.

6.5.3 Fission-Product and Activation-Product Release Rates from Vault Barriers

In this section, we discuss release rates of various radionuclides through the vault barriers.
After failure of the container, the vault barriers can be classified as, the used fuel, the defect
in the container, the precipitate, the buffer, the backfill and the EDZ.

Release rates for the median simulation from these barriers are illustrated in Figs. 6.28
through 6.34 for the fission and activation products I291,36C1, 90Sr, 79Se, l26Sn, l35Cs and
99Tc. The general behaviour of the first six of these radionuclides is similar.

6.5.3.1 Release from the Used Fuel and Zircaloy into the Container

The release rate from the used fuel and Zircaloy into the interior of the container is the sum
of the instant and congruent release. The instant release is shown as a narrow pulse at the
left-hand side of the figures. The area under the pulse is equal to the instant-release
inventory. The congruent release rate is governed largely by radiolysis. Initially, the
dissolution rate due to oxidant production from beta and gamma radiolysis is relatively high
but after a few hundred years it diminishes. Subsequently, (except for ^Sr which decays
relatively soon) there is a period of relatively constant release rate caused by alpha radiolysis
and a low constant dissolution rate of the fuel. Ultimately the congruent release rate drops
off sharply due to radioactive decay except for I29I which has a half-life greater than the
simulation time.

6.5.3.2 The Release Rate Out of the Container Without Solubility Constraints

The release rate out of the container for radionuclides that do not have solubility constraints
is determined by mass transfer through the pinhole. The pinhole offers a very large mass
transfer resistance and provides a large reduction in maximum radionuclide release rate.

6.5.3.3 The Release Rate Out of the Container With Solubility Constraints
(Precipitation)

Of the seven example fission products and actinides, precipitation occurs only for 99Tc
because of its relatively low solubility. The release from the precipitate remains constant at
a small value until the amount of precipitate in the container becomes exhausted. At this
time the release rate drops sharply becoming equal to the release rate from the pinhole in the
absence of precipitation. Precipitation significantly reduces release rates from the container
when it occurs.
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FIGURE 6.28: Release Rates of I29I from Vault Sector 11 for the Median Simulation
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6.5.3.4 Mass Transport in Buffer, Backfill and EDZ

The mass transfer resistance of the buffer, backfill, EDZ and rock are interrelated. The
reduction in maximum release rate in traversing the buffer and backfill is very small for the
poorly sorbed radionuclides 1291,36C1 and 79Se (see Figs. 6.28,6.29 and 6.31). The
reduction is more significant for l35Cs which is strongly sorbed in all the media (Fig. 6.33),
for 99Tc which is strongly sorbed in the backfill (Fig. 6.34) and for ^Sr which is retarded
enough by sorption that it decays substantially in the buffer and backfill (Fig. 6.30).
Tin-126 is moderately sorbed and experiences a small reduction in maximum release rate in
traversing the buffer and backfill (Fig. 6.32). The EDZ does not offer significant resistance
to mass transport in any simulations but is nonetheless important. Because of its relatively
large permeability, groundwater velocities are largest in the EDZ. These large velocities
draw radionuclides out of the backfill as soon as they appear at the boundary with the EDZ
and carry the radionuclides relatively quickly through the EDZ. When groundwater
velocities decrease toward zero, the mass transfer resistance of the buffer, backfill and EDZ
increases dramatically, to the extent that I29I decays substantially in the room as shown in
Fig. 1 of LeNeveu and Kolar (1996) and Fig. 6.11 of this report.

Examination of the results of other simulations shows that they have the same general
behaviour as the median simulation.

6.5.3.5 Dual-Shell Container With Enlarged Pinhole

Figure 6.35 illustrates the barrier release rate for 129I for the dual-shell container with an
enlarged pinhole in the Cu shell for the median simulation for the case where failure of the
steel shell is assumed to occur at 1000 a. In this simulation, the pinhole offers negligible
resistance compared to the buffer and backfill; however, the maximum release rate from the
EDZ to the rock is only a factor of six larger than in the case with a small pinhole. This
shows that the buffer and backfill are redundant barriers to the pinhole and are almost as
effective as the pinhole in restricting release rates. In the enlarged pinhole scenario, short-
lived radionuclides like 90Sr decay to insignificant levels by the time the inner steel shell
fails. Iodine-129 remains as the major contributor to dose consequence. Although the
release rates and subsequent dose consequence for 129I are about a factor of six larger, the
AECB risk criteria is not exceeded in 32 FFLH simulations for the enlarged pinhole
scenario.

6.5.3.6 Maximum Release Rates from Each Vault Sector

Maximum release rates from each vault sector for I29I for the four example simulations are
illustrated in Fig. 6.36. The maximum release rates are largest in simulation 31, the
simulation giving the second highest dose consequence of the 32 FFLLH simulations
performed. Overall sensitivity analysis indicates that in simulation 31 the variability in the
biosphere parameters tends to dominate over the parameters from the vault and geosphere
models masking the effect of the higher release rates from the vault. Similar results to
Fig. 6.36 are obtained for the other fission products, with the exception of "Tc.
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The median simulation is noteworthy because the sector to sector pattern follows that of the
average linear groundwater velocity in the rock (Fig. 6.22). This behaviour is apparent only
in the median simulation because the defect radius and number of containers failed are
equal in every sector.

In simulations 27, 31 and 3 the pattern of maximum release rates reflects both the pattern of
number of failed containers and of the defect size. The variation with groundwater velocity
is no longer apparent indicating its effect is not as strong. In general, the larger the number
of failures in each sector and the larger the defect radius, the larger the maximum sector
release rate.

For wTc, the pattern of maximum release rates from simulation to simulation follows
closely the pattern of solubilities (Fig. 6.37). The larger the solubility in a given simulation,
the larger the maximum release rates.

6.5.3.7 Summary for Fission Products and Activation Products

In summary, the number of failed containers and the amount of fuel dissolved by oxidants
produced by radiolysis are most influential in determining the relative magnitude of the
source term for radionuclide mass transport. The pinhole in the container is the most
effective barrier in restricting mass transport from failed waste containers. The buffer,
backfill, EDZ and rock act together as a redundant barrier that is almost as effective as the
pinhole in restricting mass transport. The permeability of the EDZ is influential in
determining radionuclide release rates from the vault and subsequent dose consequences.

The relative dose potential of the various radionuclides depends mainly on three factors, the
initial inventory, the mobility and the radiotoxicity.

6.5.4 The Actinides

Three actinide chains, designated 4n+l, 4n+2 and 4n+3, were simulated (Chapter 6.5.1).
The actinides are not among the major contributors to dose consequence. For example, the
largest actinide dose in the 32 FFLH simulations is 3.4 x 10"7 Sva 1 from 237Np. In general,
the actinide dose rates are lower because the actinides are strongly sorbed in the buffer,
backfill and rock.

The release rates of actinides through the vault barriers can be quite different than for the
fission products and activation products. These differences can be attributed to a number of
factors: (i) there is no instant release fraction for the actinides, (ii) most actinides precipitate
in the container, and (iii) many actinides increase in inventory as a result of nuclear
transformations. Figure 6.38 illustrates these effects for 230Th. The release rate from the
used fuel shows the high release rate caused by the oxidative effects of beta and gamma
radiolysis but is missing the pulse from instant release. The beta and gamma radiolysis
begins to diminish after about ten years. This is followed by a long period where the release
rate increases as a result of ingrowth of 230Th from parents. The release rate out of the
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container in the absence of solubility constraints, gradually increases in response to the
input from dissolution of the fuel matrix, and after leveling off in response to the decrease
in radiolytic oxidation, increases again in response to ingrowth. The initial relatively
constant portion of the release rate out of the container (in the absence of solubility
constraints) exhibited in the example fission products and activation products (Figs. 6.28
through 6.34) is missing for the actinides because of the absence of instant release. When
solubility constraints are applied, there is a large reduction in release rate. The release rate
from the precipitate fluctuates slowly with time in response to the time variation in the
isotopic ratio of 230Th. This fluctuation illustrates the effect of shared solubility between
isotopes. There is a further reduction in release rate as ^ h traverses the buffer and
backfill because of sorption in these media. There is no further reduction in release rate in
traversing the EDZ because of the relatively high groundwater velocity in this medium and
because the capacity factor in the EDZ is smaller than in the buffer and backfill (3.0 x 10'
in the EDZ, 2.7 x 103 in the buffer and 5.8 x 103 in the backfill). Other actinides exhibit
similar patterns of behaviour in traversing the vault barriers.

6.5.5 Criticalitv

The possibility of criticality occurring in the vault is discussed in Chapter 8 of Johnson et al.
(1994b). In excess of 1 kg of 239Pu would have to accumulate as an undispersed solid in the
container for the possibility of criticality to occur. Figure 6.39 shows the total mass of 239Pu
accumulated as a solid precipitate in one failed container in sector 11 of the vault for the
four example simulations. The maximum amount of 239Pu in the container in the four
simulations (320 g) is below the amount necessary for any possibility of criticality.

7 SUMMARYAND COMPARISON WITH THE VAULT MODEL IN
THE EIS CASE STUDY

A long-term safety assessment has been completed for a nuclear fuel waste disposal
system based on in-room emplacement of long-lived Cu containers in a disposal vault at a
depth of 500 m in the Canadian Shield. The study has been performed to illustrate the
effectiveness of this particular vault design in providing containment of radionuclides
under relatively permeable rock conditions, where groundwater velocities are 1000 to
10 000 times faster than in the performance assessment case study reported in the EIS
(Goodwin et al. 1994).

We compare the different vault models developed for the two studies, commenting in
particular on the reasons for differences in model selection and results obtained. We refer
in this section to the present study as the PR4 model, and the case study in the EIS as the
CC3 model.
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In the PR4 study, an evaluation of the performance of 25-mm wall thickness Cu
containers indicates that they would experience <1 mm of corrosion by O2 entrapped in
the buffer and backfill materials, and insignificant subsequent corrosion in the anoxic
deep groundwaters of the Canadian Shield.

Coupled with structural analysis studies that provide confidence that suitable container
designs are available, it can be concluded that container lifetimes of >106 a are
achievable. As a result, the only radionuclide release expected would be that arising from
slow diffusive transport through small(0.3 to 3 mm diameter) manufacturing defects that
might escape detection in the approximately 1 in 5000 containers that are assumed to fail
immediately.

In the CC3 case study, the corrosion model for Grade-2 Ti containers led to virtually all
containers failing between 1200 and 7000 a, with approximately 1 in 5000 containers
assumed to fail immediately upon emplacement as a result of undetected manufacturing
defects. In contrast to the present study, defects (whether manufacturing defects or
corrosion penetrations) occurring in the Ti containers were assumed to provide no
significant transport delay, i.e., radionuclide transport occurred across the entire container
surface area upon failure. It is emphasized that, although Grade 2-Ti might be expected
to experience crevice corrosion that could limit container lifetime, Grade-12 or 16 Ti
containers could be expected to have a lifetime of >105 a (Shoesmith et al. 1995a).

In both the CC3 and the PR4 studies, groundwater is conservatively assumed to
immediately saturate the low permeability clay-based buffer and backfill materials and
contact the used fuel bundles in failed containers, thus initiating radionuclide release.
The Zircaloy cladding is assumed to fail immediately and provide no mass transport delay
to subsequent radionuclide release.

Release of radionuclides from the used fuel occurs as a result of instant-release of a
fraction of the inventory of some radionuclides, and by dissolution of the used fuel
matrix. In the PR4 model, based on new data, the instant release fractions were revised
upward for 90Sr and downward for 14C, relative to the CC3 study, and 36C1, not evaluated
in the CC3 study, was included in the calculations. For the matrix dissolution model in
PR4, the requirement to assess only prematurely defected containers resulted in the use of
a kinetic model appropriate for the conditions expected at the surface of the fuel in a
container that could become saturated with groundwater while gamma and beta radiation
fields are high. The long-term dissolution of the fuel in the PR4 study was modeled
assuming a constant dissolution rate. This very conservative approach for the long-term
rate is expected to greatly overpredict the extent of matrix dissolution, as evidenced by
the geochemical stability of the Cigar Lake uranium deposit. Nonetheless, the kinetic
model was retained at long times to avoid the complexity of a transition to the
equilibrium model used in CC3.

The vast majority of containers in the CC3 study failed after 1000 a when the radiolytic
driving force for fuel matrix dissolution was small. The total radionuclide releases from
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these containers were far greater than from the few prematurely failed containers; thus,
the more extensive matrix dissolution occurring in the prematurely failed containers was
not incorporated in the model. However, calculations in Johnson et al.(1994b) gave
estimated fuel matrix dissolution rates in prematurely failed containers that are of the
same magnitude as those estimated in the PR4 study. The differences in approach
between the two models, coupled with the fact that only dissolution in prematurely
defected containers is modeled in the PR4 study, permits only these qualitative
comparisons to be made.

The mass transport model in PR4 describes release from a point source (the failed
container), diffusion through the buffer, and convection and dispersion in the backfill and
EDZ, all these components of the vault being represented by concentric cylinders
surrounding the source. The delay in mass transport of radionuclides through the small
defect in the container shell was observed to be important in reducing the potential dose.
The EDZ, with its relatively high permeability, was observed to enhance releases from the
vault. This is because the high groundwater velocities in the EDZ and surrounding rock
draw radionuclides out of the backfill. In the CC3 study, the borehole emplacement
design was represented as a series of plane layers( buffer, backfill and rock) across which
radionuclides were transported primarily by diffusion. This was shown to suitably
represent the transport process provided the permeability of the surrounding rock was
sufficiently low that diffusion dominated mass transport. In contrast to the PR4 study, the
EDZ was shown to be unimportant because there was not expected to be a continuous
high permeability path connecting the EDZ to permeable fracture zones, and because
mass transport in the vault and surrounding rock was diffusion dominated.

It is not possible to make quantitative comparisons regarding the relative merits of the in-
room and borehole designs in terms of radionuclide retention capability based on the two
studies discussed here. This is because of the high groundwater velocities in the rock
surrounding the vault in the PR4 study relative to the CC3 study. The PR4 results thus
indicate more rapid release of radionuclides to the surrounding rock than in the CC3
study. Nonetheless, the in-room design provides assurance that, irrespective of the
permeability of the surrounding rock, radionuclides must traverse both the buffer and
backfill before being released from the vault, and thus it is judged to be a more robust
design. Clearly, the combination of in-room emplacement of used fuel in long-lived
containers with siting of the vault in low permeability rock will provide a very large
margin of safety.
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APPENDIX A

RADIONUCLIDE INVENTORIES

The sources for radiotoxic elements in a CANDU used-fuel bundle are activation and
fission products from the UO2 matrix, activation products of the Zircaloy fuel sheath, and
activation products from impurities in both the fuel and the Zircaloy fuel sheath. The
inventories of these elements, in moles per kilogram initial uranium in an unirradiated
fuel bundle, were calculated for 10-year cooled Bruce reactor fuel, with an average
bundle burnup of 200 MWhkg1 initial U (720 GJ(kg U)1) using the ORIGEN-S
radionuclide generation/depletion code (Tait et al. 1989; Tait, in preparation) coupled
with the WIMS-AECL lattice code (Donnelly 1986). The inventories used in the vault
model are summarized in Table A-1 which also gives the distribution functions chosen to
allow for variability in radionuclide inventories. The half-lives of these nuclides are also
given in Table A-1. The radionuclides in Table A-1 were selected on the basis of a
screening study by Goodwin et al. (1996).

The ability of the coupled ORIGEN-S/WIMS-AECL code to predict radionuclide
inventories in used CANDU fuel has been validated for a number of key actinide and
fission product radionuclides by direct comparison of predicted inventories with those
measured by radiochemical analysis of a well characterized Bruce reactor fuel with a
burnup of 221 MWh • kg"1 U (Tait et al. 1995). These data have been used to derive
probability distribution functions (PDF) for the radionuclide inventories used in the vault
model calculation. The errors associated with measurement of these inventories have
been taken into consideration when deriving the standard deviation for the PDF's for the
calculated ORIGEN-S inventories (Table A-1). Most of the measured actinide and
fission product radionuclide inventories agreed reasonably will with ORIGEN-S
predictions. The ORIGEN-S code was found in most cases to conservatively overpredict
radionuclide inventories.

In addition to code validation, an extensive analysis was conducted of all potential
impurity elements likely to be present in either the UO2 fuel or the Zircaloy sheath, that
could be activated to radionuclides with half-lives greater than 1 a (Tait and Theaker,
1996). This study estimated the maximum likely impurity concentration of all 'light
elements' with atomic number less than 83 (bismuth) and recommended upper limit
elemental concentrations that should be used to calculate activation product
concentrations using the ORIGEN-S code. These recommended impurity concentrations
were, where possible, based on maximum permissible impurity limit specifications for
the manufacture of UO2 fuel pellets or Zircaloy sheath. Where no such specifications
exist for UO2, elemental impurity concentrations were derived on the basis of chemical
similarity with known impurities and arguments based on natural elemental abundances
in the earth's crust. Where no specification exist for Zircaloy, elemental impurities were
based on a large statistical analytical database on chemically similar Zr-2.5Nb pressure
tubes whose fabrication methods and composition is similar to Zircaloy sheaths. It was
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assumed that the actinide elements (those heavier than Bi) would be generated in such
high concentrations in the fuel that their inventories would far outweigh any inventory
generated by activation of actinide impurities. In addition, all known impurities in fuel
bundle construction materials, including the Be braze used to secure the bearing pads on
the Zircaloy sheath and the CANLUB (graphite) coating used on the inner surface of the
outer 30 elements in a Bruce fuel bundle, were taken into consideration. The
recommended elemental impurity limits were used in an ORIGEN-S/WIMS-AECL
calculation to predict the inventories of activated light element impurities (Tait,
unpublished results).

To allow for variability between code predictions and actual inventories, probability
distribution functions (PDF) were assigned to each radionuclide inventory. Where there
was good agreement between measured and predicted inventories, a normal PDF was
chosen with the inventory as the mean and the analytical error as the standard deviation.
Upper and lower cut-offs were chosen to be 5 standard deviations (5 sigma) higher and
lower than the mean. If the lower cut-off was not meaningful as a result of its 5 sigma
value being greater than the mean, the lower cut-off was chosen to be one order of
magnitude lower than the mean. For radionuclides that were daughters of well
characterized parents, the PDF and error bounds of the parent were used.

The concentration of the activation product 14C was calculated on the basis of assumed
impurity levels of 100 (ig-g*1 N2 (which is the primary elemental source for 14C) in the
fuel and is the maximum permissible impurity limit set by fuel manufacturing
specifications (Tait et al. 1989). The 14C concentration predicted by the ORIGEN-S code
using a 100 Hg-g"' N impurity was 2.82 x 10*5 molkg1 U (Tait, unpublished results).
Recent measurements of total I4C inventories in numerous fuels (Stroes-Gascoyne et al.
1994) have shown that the total I4C inventories are on average 11.5 ± 3.9 times lower
than the inventory predicted by ORIGEN-S, implying that the actual N impurity level is
closer to 10 Jigg '. The range of measured 14C concentrations on these fuels was about 5
to 16 times lower than ORIGEN-S predictions. On this basis, the range of measured 14C
concentrations the upper and lower bounds I4C inventory were chosen to be
5.64 x 10"6 molkg"1 U and 1.96 x 10"6 molkg"1 U respectively using a uniform PDF. The
concentration of 14C in Zircaloy was calculated using a N impurity concentration of
80 H-g-g"1. A uniform PDF for I4C impurity in Zircaloy has been chosen with an upper
bound at the calculated 14C concentration in Zircaloy and a lower bound one order of
magnitude lower.

The radionuclide inventory for 36C1 was based on an assumed 5 (Xgg1 elemental Cl
impurity in the fuel and a 6 figg"1 impurity in Zr-4. The inventory for 36C1 in fuel has a
normal distribution while the 36C1 inventory in Zircaloy has a uniform distribution with
an upper bound equal to the inventory for a 6 ^igg"1 impurity and a lower bound one order
of magnitude lower.
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T A B L E A - 1

RADIONUCLIDE INVENTORIES FOR BRUCE FUEL WITH A BURNUP OF

200 Mwh (kg UV' AND A COOLING TIME OF 10 a

Nuclide

14C
14C
36C1
36C1
7 9Se
90Sr
90y
93Zr
9 3 mNb
99Tc
IO7Pd
126Sb
I26Sn

135Cs
137Cs
210Pb
210Bi
2.opo
222Rn
223Ra
2 2 5Ra
2 2 6Ra
225Ac
227Ac
227Th
229Th
230Th
2 3 1Th
234Th
231Pa
2 3 3Pa

Source
a

FI
ZI
FI
ZI
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP
AP

PDF"™

Uniform
Uniform
Normal
Uniform
Normal
Normal

SEh

Normal
Normal
Normal
Normal

SE
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

Inventory
(mol(kg initial U)"1)

5.640 x 10 6

2.650 x 10'6

8.980 x 106

1.330 x lO 6

1.596 x 10 5

1.159 xlO'3

3.011 x l O 7

1.260 x l O 3

4.767 x 10"9

2.210 x 10"3

5.946 x 104

2.163 x 10"12

4.553 x 105

3.803 x 10"4

1.780 x l O 4

1.862 x 10"3

5.479 x 1016

3.373 x 10""
9.314 x lO 1 8

1.963 x 10-"
9.403 x 1015

7.973 x 1015

3.000 x 1013

5.386 x lO 1 5

6.532 x 1012

1.518 xlO 1 4

1.550 xlO"9

5.865 x 109

3.373 x 1014

6.107x10"
3.503 x 10"8

4.637 x 1012

Standard
Deviationc

upper bound6

upper boundf

50
upper bound8

10
2.5
.

20
20
10
10
-
10
5
3
2
55
55
55
55
50
50
55
50
50
50
50
55
3

55
3
20

Half-Life
(a)d

5730
5730

3.0 x 105

3.0 x 105

6.5 x 104

29
64h

1.5 xlO6

13.6
2.13 x 105

6.5 x 106

12.4 d
l.Ox 105

1.6 xlO7

3.0 x 106

30.17
22.3

3.0 x 106

138 d
3.8 d
11.4d
14.8 d
1600
10.0 d
21.8

18.7 d
7300

7.54 x 104

25.5 h
24.1 d

3.28 x 104

27 d

...continued
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TABLE A-1 (Concluded)

RADIONUCLIDE INVENTORffiS FOR BRUCE FUEL WITH A BURNUP OF

200 Mwh (kg U ) ' AND A COOLING TIME OF 10 a

Nuclide

233U
234U
235U
238U
237Np
239Np
239Pu
24lAm
243Am
Zr

Source
a

AP
Matrix
Matrix
Matrix

AP
AP
AP
AP
AP

Matrix

P D F b

Normal
Normal
Normal

Constant
Normal
Normal
Normal
Normal
Normal

Constant

Inventory
(mol(kg initial U)"1)

3.479 x 10"5

1.863 xlO"4

8.154 x 10"3

4.136
1.342 x 10 4

1.423 x 1 0 "
1.124 x 10"2

3.999 x 10"4

1.626 xlO"5

1.289

Standard
Deviation0

(%)
50
55
3

20
20
3

20
20
-

Half-Life
(a)d

1.59 xlO5

2.45 x 105

7.00 x 108

4.47 x 1O9

2.14 x 106

2.35 d
2.41 x 104

432
7380

-

a AP - U activation product; FP - Fission Product; FI - Fuel impurity activation
product; ZI - Zircaloy impurity activation product.

b Probability Distribution Function - SE indicates nuclide is in secular equilibrium with
its parent; Constant refers to matrix concentration with no variability.

c The error (%) represents a one sigma (one standard deviation) error applied to the
inventory calculated by ORIGEN-S. The normal PDF upper bound is the inventory
+5A. The error bounds were estimated from measurements of specific radionuclide
inventories in used fuel (Tait et al. 1995).

d Half-lives in years except where noted. Short half-life species are daughter products
from longer-lived parent.

e Upper bound 5.64 x 10"6 mol (kg U) ' . Lower bound 1.76e-06 mol/kg U. Upper and
lower bounds derived on the basis of I4C measurements (Stroes-Gascoyne et al. 1994).

f Upper bound 2.65 x 10"6 mol (kg U)"1 is inventory calculated using 80 ( igg 1 N impurity
in Zr. Lower bound is one order of magnitude lower than upper bound.

g Upper bound 1.33 x 10 6 mol (kg U ) ' is inventory calculated using 6 (Xgg1 Cl impurity
in Zr. Lower bound is one order of magnitude lower than upper bound.
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APPENDIX B

CONCEPTUAL MODEL FOR THE EXCAVATION-DISTURBED ZONE (EDZ)

B.I. INTRODUCTION

The overall aim of this study is to evaluate information available on the EDZ around an
excavated opening in the host rock relevant to the in-room emplacement concept, and to
recommend appropriate characteristics of the zone, required as input variables in the vault
model.

Although the EDZ has been the subject of laboratory and field studies and modeling, only a
few studies have addressed the hydraulic aspects of the EDZ. Many of the processes
responsible for the formation of the EDZ are not well understood and the attributes of this
zone have been described mainly in qualitative terms. However, an attempt has been made
to represent the complex excavation-disturbed system by a simplified EDZ conceptual
model that incorporates as many as possible of the features and factors relevant to
radionuclide transport.

B.2. EDZ DEFINITION

The EDZ is defined as the near-field rock adjacent to an underground opening that has a
different fracture network, and consequently different hydrologicai and radionuclide
transport attributes, from the host rock. Various terms such as "disturbed rock zone"
(Birgersson et al. 1992) or "fracture zone" (Golder Associates 1977) have been used in the
literature to define this zone, which is affected by complex thermal, hydraulic, mechanical
and chemical processes that take place in a repository. Changes in host rock properties that
may affect the far field flow and transport depend largely on coupled Thermo-Hydro-
Mechanical (T-H-M) processes. From a T-H-M equilibrium viewpoint, the near-field is
non-stationary, therefore the PDFs of EDZ characteristics change with time. The concept of
an equilibrium, generalized energy profile, as a function of the state of the system, is
schematically illustrated in Fig. B-1. The excavation and emplacement of containers are the
two main events that disturb the state of the host-rock. During the lifetime of the vault
system, three sequential stages can be distinguished: the operation, heating and cooling
stages. Throughout its lifetime, the vault system is in a metastable state. However, a quasi-
stationary state is reached at every stage (i.e., a pseudo-steady state of T-H-M equilibrium is
achieved); hence, meaningful parameters of the geometry and attributes of the disturbed
zone can be developed.
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Figure B-l Concept of T-H-M Equilibrium in the Near Field.

The effects of excavation on the attributes of the EDZ have received considerable attention,
primarily in relation to rock mechanics characteristics associated with operational safety and
development of engineering techniques to minimize the damage induced by blasting. The
impact of thermal loading and cooling processes have been less thoroughly investigated.
However, Winberg (1991b) pointed out that after cooling, the hydraulic conductivity, for
example, will return to the post-excavation state value, although still with close to one order
of magnitude lower than the initial excavation state. In defining the EDZ attributes in this
study, emphasis was placed on alteration of the host-rock characteristics, due to the
excavation by blasting (fracturing of intact rock) and stress redistribution (i.e., extending
and opening/closing of some pre-existing fractures).

B.3. MASS TRANSPORT IN THE EDZ

The vault model considers the EDZ explicitly. The model encompasses a scale from a few
meters to a few hundred meters (the diameter and the length of a room element of the vault
and adjacent EDZ), and assumes that microscopic material properties can be characterized
by macroscopic parameters. The model employs the equivalent porous medium approach to
describe flow and mass transport in the discrete fracture network of the disturbed zone. A
key issue is the formulation of all equivalent properties and the determination of the size of
the Representative Elementary Volume (REV) over which the homogenization is valid.
The REV is, in effect, a statistical index for the equivalence of properties between a
fractured medium and its continuum idealization. The REV itself is not explicitly
introduced. This requires a description of the EDZ using average values, i.e., by a set of
deterministic values, i.e., model parameters. Since data vary between different sites as well
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as within a given site and the data at a particular location within a given site are uncertain,
numerical simulations of flow and transport in the EDZ with single-valued deterministic
parameters are not sufficient for the performance assessment and the sensitivity analysis.
The heterogeneities are described in the model as variations in effective values of the EDZ
attributes, based on representative, but conservative, PDFs.

B.4. ESTIMATION OF ATTRIBUTES OF THE EDZ

The properties of the EDZ are controlled by a large set of factors that can be grouped into
two categories: (1) host rock properties and (2) engineering factors. Among the most
important properties of the host rock are the fracture structure and elastic isotropic
characteristics of the intact rock under plane strain conditions (Barton et al. 1992), the
bearing capacity of the rock mass and the distribution of tectonically induced strain, and the
in situ stress field in relation to small-scale discontinuities (Pusch 1994). Among the most
important engineering factors are the vault depth and position relative to highly conductive
fractures, the geometry (size and shape) of the opening (Hoek and Brown 1980), the
orientation of the tunnel relative to the principal in-situ stress, the excavation method that
includes explosive weights and charge density (Hustrulid et al. 1992, Holmberg and Persson
1979), and sealing techniques (grouting) of the EDZ in repository (Pusch 1994).

Due to the large number of factors and processes that ultimately control the attributes of the
EDZ and the inherent site-specific characteristics of the initial properties of the host rock,
PDFs of EDZ attributes useful to construction of a vault ultimately have to be generated
using geostatistical approaches or classical statistical techniques based on site-specific, in
situ testing. The goal of the present study, that aims to be of generic interest, has been to
produce reference input data for the vault model with a close correspondence to what would
be expected for the EDZ of an underground opening in a fractured host rock situation. The
selection of both the type of PDF and the respective parameters (location, scale and shape)
was based on our understanding of typical ranges and statistics on fractured rock properties.
The suggested conceptual model of the EDZ geometry and the PDF assigned to each
characteristic are preliminary estimates, derived from theoretical studies (analytical
evaluations), laboratory data and limited field studies. A literature review, primarily of the
Stripa Project Reports and SKB Reports, was the source of information on which the
derived values were based.

Permeability, porosity and dispersivity are the most important characteristics of the EDZ
relevant to flow and transport of radionuclides. The permeability determines the average
flux of fluid through a disturbed zone and the dispersivity determines the spreading of
radionuclides. These attributes are related to each other and depend on EDZ geometric
characteristics. Underlying the choice of the conceptual model of the EDZ was the
observation in field studies that the presence of fractures and their relevance to radionuclide
migration dictates a priori that flow can take place mainly in the direction parallel (x) and
perpendicular (y) to the longitudinal axis of the opening (x, y-plane).



-172-

The porosity affects the radionuclide capacity factor. The porosity in the EDZ is always
greater than that of the surrounding rock. The tortuosity would only be important in
instances where mass transport is dominated by diffusion.

Three sets of EDZ attributes are of importance in the vault model: (1) extent and degree of
disturbance, (2) hydraulic conductivity and permeability, and (3) dispersivity. The
estimation of these attributes rests on two initial assumptions: (a) the hypothetical vault is
located at a depth of 500 m and (b) the sparsely fractured rock behaves essentially
elastically (Martin and Read 1996).

B.4.1 EXTENT OF AND DEGREE OF DISTURBANCE IN THE EDZ

The extent (i.e., thickness) and degree of disturbance in the EDZ in granite are controlled by
two main disturbance mechanisms: (a) blasting, and (b) stress changes (including both stress
relief and increases). These mechanisms act in combination, and only a few studies
specifically distinguish between blast-damage and stress effects. With careful, controlled drill
and blast techniques (optimal size and space between blast holes, charge weights and density)
the damage zone can be minimized. Investigations of the thickness of the zone on the tunnel
periphery damaged directly by blasting report depths of 0.30 m at Stripa (Andersson and
Halen 1978), 0.10 to 0.15 m at the URL (Read and Martin 1996) and 0.18 to 0.28 m at Kiruna
Mine (Hustrulid 1993). Within this thin skin adjacent to an opening, the fracture frequency
increases significantly. Following excavation, stresses around an opening become
redistributed. The concentration of compressive or tensile stresses extends the original
fracture and opens or closes pre-existing fractures, with the net effect of altering the
connected conductivity. Although attempts have been made, it is difficult to distinguish
between the damaged zone and disturbed zone. The distinction between these two zones as
well as their extent reported in the literature, from both field tests and conceptual models,
varies considerably. For example, based on the data from a near-field seismic velocity study,
Martin and Read (1996) defined the damage zone as the altered rockmass, due to combined
effects of both blasting and stress redistribution, with an extent of 1.00 m. Brauer and Sonnek
(1995) using a variety of methods (geological, rock mechanics and geophysical) reported an
EDZ of about 0.30 to 0.50 m. Based on the data generated from the Buffer Mass Test and
Macro-permeability Test at Stripa in conjunction with the results from a numerical
calculation, Pusch and Borgesson (1992) suggested that the major disturbance relevant to the
groundwater flow occurred to a depth of 0.40 to 0.80 m in the walls and the roof and 1.00 to
2.00 m in the central part of the floor. Conceptual models based on some of the earlier field
data also suggested different geometries for the EDZ. For example, the conceptual model of
the geometry of the near-field around the tunnels suggested by Birgersson et al. (1992)
distinguished two zones: a blast damage zone that extends 1.00 m out of tunnel and a stress-
redistribution zone that extends one drift diameter out. The conceptual model suggested by
Winberg (1991b) also distinguished two zones: the primary disturbed rock zone of
approximately 1.00 m and a secondary zone of about 1 to 3 tunnel diameters. Hautojarvi
(1991), in his model, considered two regions of equal extent each of 0.50 m.
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Figure B-2 presents results from two recent field studies (Hayles et al. 1995, Brauer and
Sonnek 1995) and results from an analytical model (Kelsall et al. 1984) that provide
important information regarding the extent and degree of disturbance of the EDZ and how
the averaging procedure should be carried out. The p-wave velocity (pressure) near the
tunnel wall recorded during the cross-hole seismic tomography survey for the Mine-By
Experiment at the URL (Fig. B-2a), the frequency of open fractures based on
microstructural analysis of the damage zone at the Grimsel Test Site (Fig. B-2b) and stress
redistribution results from an analytical model (Fig. B-2c) suggested that the EDZ does not
extend far from the opening periphery. An even more important feature of the EDZ
suggested by all three sets of data is that the major disturbance takes place close to the
tunnel face and that the degree of disturbance decreases rapidly in the radial direction into
the rockmass. This suggests that evaluating the attributes for the equivalent porous medium
would require simultaneous consideration of the extent of the EDZ and the magnitude of the
attribute values.

Reported data for direct assessment of the EDZ vary. This is reasonable, taking into
account the large number of factors that control the EDZ, such as blasting technique, size,
shape and orientation of the opening, and field stresses. However, the field data,
irrespective of origin and geological conditions, indicated several similar characteristics of
an EDZ that can be summarized as follows:

a) any excavation disturbs the host rockmass by both blasting and stress
redistribution, whose effects are difficult to distinguish,

b) the largest disturbances occur near the periphery of the opening and the
degree of disturbance decreases (rapidly) exponentially in the radial
direction from the surface of the opening,

c) the EDZ is heterogenous and anisotropic; if the rockmass is regarded as an
homogenous isotropic material, then both the heterogeneity ratio and the
anisotropy ratio of the EDZ can be regarded as characteristics that decrease
with radial distance from the wall of the opening.

On the basis of observed field data and, to some extent, modeling results, it can be stated
that a firm basis for understanding exists with regard to the geometry of the EDZ (extent
and degree of disturbance). In the light of the limited statistics available, the extent of the
EDZ in this study was assumed to have a normal distribution function. The parameters of
the distribution, \i and a, were derived from data suggested by Pusch and Borgesson (1992)
derived from a macropermeability test conducted at Stnpa designed to investigate the effect
of the EDZ on the groundwater flow and transport of radionuclides. Assuming that for a
probability P = 0.9998 the lower limit of the PDF has a value equal to 0.80 m, the
maximum depth of the EDZ observed in the walls, and the upper limit has a value of
2.00 m, the maximum depth observed in the central part of the floor, the extent, which is a
variable of the EDZ is normally distributed, with fi = 1.40 m and or = 0.172 m, i.e., the
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Figure B-2a. Velocity vs distance from tunnel wall (after Hayles et al. 1995).

I

0-0.05 0.05-0.1 0.1-0.15 0.15-0.2 0.2-0.25 0.25-0.3 >0.3
Distance from Tunnel Wall (m)

Figure B-2b. Frequency of open fractures in the EDZ (after Brauer and Sonnek 1995).
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extent of EDZy ~ N (1.4, 0.1722). For P = 0.999, the interval limits for the extent of the
EDZ are 0.884 m and 1.916 m, i.e., 0.884 m< EDZy < 1.916 m.

The suggested values for the extent of the EDZ are quite conservative. The lower limit
(0.884 m) is close to the maximum depth reported by Read and Martin (1996) as well as to
the deterministic single values suggested for the primary zone by Birgersson et al. (1992)
and Winberg (1991 b) in their conceptual models. Compared to the extent of the secondary
zone considered by Birgersson et al. (1992) and Winberg (1991b), the suggested values in
this study are lower. However, the degree of disturbance decreases exponentially in the
radial direction from the surface of the opening; therefore, the characteristics of the
secondary zone are quite similar to those of the host rockmass. The overall effect of the
EDZ on groundwater flow and transport of radionuclides, using the values for the extent of
the EDZ sampled from the distribution proposed, will be higher and more conservative than
the values that could be obtained using the conceptual geometry proposed by either
Birgersson et al. (1992) or Winberg (1991b).

B4.2 HYDRAULIC CONDUCTIVITY AND PERMEABILITY OF THE EDZ

Common hydrological practice is to measure hydraulic conductivity K (ms1) or
transmissivity, T = Kb (m2s"'). The term permeability has been used in the past with
different meanings. At times it has been used as synonymous with or as an alternative to
hydraulic conductivity, and it has been used in a loosely qualitative sense to describe the
readiness with which a porous medium transmits water or various fluids. In a strictly
quantitative sense, the permeability [k(m2)] is ideally an exclusive property of
porous/fractured media and their pore/fracture geometry alone — provided the fluid and
solid matrix do not interact in such a way as to change the properties of either, and the
porous/fractured body is, approximately, at equilibrium. Although the dimension of k is
length squared, it should be recognized that the characteristic here refers to the cross-section
of the pathway, not its length. However, since the hydraulic conductivity reflects the overall
effect of both material and fluid properties on the flow, the permeability can be estimated by
the ratio of hydraulic conductivity to fluidity:

v K = kf; . \ k = — ;f = ! = ££. (B-l)
f M \i

where f is fluidity (m ' s 1 ) , g is gravitational acceleration (ms2), D is kinematic viscosity
(m2s), p is density (kgm3) and jx is dynamic viscosity (Nsm2).

For water at 6°C, k = 1.05 x 10'7 K; the permeability value is about seven orders of
magnitude lower than the value of the hydraulic conductivity in m kg s units.
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There are no direct measurements of the hydraulic conductivity of the EDZ from which to
develop or infer a PDF. Most of the field studies describe the hydraulic conductivity in
qualitative terms and estimate the order of magnitude relative to the undisturbed rockmass.
Only limited data were generated from the Buffer Mass Test and Macro-permeability Test
at Stripa, two of the most comprehensive studies to investigate the hydraulic conductivity of
the EDZ. Pusch (1990), for example, reported a hydraulic conductivity of the undisturbed
rockmass of about 101 ' to 10"10 m s 1 and average longitudinal conductivity of the EDZ of
10"8 to 10"6 ms"1 within 0.50 m to 1.00 m from the periphery of the tunnel. He did not
explicitly correlate the extent and K values of the EDZ. However, since the degree of
disturbance decreases exponentially in the radial direction from the periphery of the tunnel,
it is more likely that higher K value of 10"6 m s 1 was associated with shallow depth
(0.50 m). This is probably why Pusch and Borgesson (1992), referring to the same
experiments, reported an average axial hydraulic conductivity of 10"8 m s 1 for 0.80 m
thickness of the EDZ.

Brauer and Sonnek (1995) and Read and Martin (1996), in their detailed fracture analysis,
reported that the spatial orientation of fractures induced by excavation is mostly parallel to
the longitudinal axis of the tunnel, highly varying in width and length. This indicates that
the hydraulic conductivity is higher in the EDZ, particularly in the axial direction of the
opening. However, observed results from the Macro-permeability Test at Stripa suggested
that hydraulic conductivity is anisotropic; hydraulic conductivity in the radial direction was
smaller than in the axial direction (Nelson and Wilson 1980). Permeability is known to be
highly stress-dependent. Based on this relationship, Kelsall et al. (1984) developed an
analytical model for elastic rock behaviour that suggested that the EDZ permeability in the
axial direction, determined by circumferential or tangential fractures, increases about two
orders of magnitude relative to the hydraulic conductivity of the undisturbed rock mass. In
contrast the hydraulic conductivity of the radial fractures were reduced by about one order
of magnitude compared with the rockmass (Fig. B-3). Calculated values for radial
hydraulic conductivity for Stripa compared well with the values inferred from field
measurements. Due to the preferential orientation of fractures parallel with the axis of the
tunnel and the anisotropy in hydraulic conductivity, this zone is often referred to as "onion
skin". The exact mechanism responsible for decrease in radial hydraulic conductivity is not
known. Lang et al. (1992) and Pusch (1990) suggested additional causes for this
phenomenon, such as blast gas introduced into fractures, drying (unsaturated rock zone) and
heating effects. However, to reproduce the field data, they calibrated (fitted) their models
by reducing the radial hydraulic conductivity by one to two orders of magnitude. In
repository safety and performance studies, all processes need not necessarily be explicitly
known. In particular, only the geometry and integral material attributes of the EDZ that are
relevant to groundwater flow and transport of radionuclides are required.

The axial hydraulic characteristics of the EDZ are similar to the hydraulic characteristics of
highly fractured rock zones. The functional shape and the parameters for the axial hydraulic
conductivity for the present study were derived from the statistical results of the Site
Characterization and Validation field test at Stripa on hydraulic conductivity of the reduced
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pooled population of Wl and W2 boreholes (Winberg 1991a). Stripa granite is
characterized by a great abundance of fractures (Olsson et al. 1989) and the Wl and W2
boreholes presented the highest observed hydraulic conductivity values. In addition,
Winberg (1991 a) revised the field data files and all clusters of ("identical") data of more
than two in sequence were deleted, leaving only the higher ("top") value. The relevance of
this set of data to our problem is twofold. First, the data set (n = 202 observations) is
representative of real field conditions and second, the analysis performed provides detailed
information on the shape and magnitude of the scale parameter (variance) of the
distribution.

A logarithmic normal distribution was fitted to the data. The summary statistics on this
reduced pooled data for K values were as follows: m = -9.78, â ogoo = 2.36, n = 202, where
m = arithmetic mean of log K. The geometric mean is, ng = 1.7 x 10"10, and variance of
log(K), ĉ iogao = 2.36. It should be pointed out that \ie does not denote the mean of the
variable K, but ng is defined by the mean of log K. In the normally distributed population
of log K values, 49.9% of the population are squeezed together in a small interval to the left
of the median and another 49.9% are scattered over a comparatively larger interval to the
right of the median. The mean axial hydraulic conductivity, \ix and the interval limits for
P (0.9987; ± 3a) expressed in ms"1 were calculated using the following equations:

Hx = n g 1 0 2 M (0 < x < oo) (B-2)

where M=log e = 0.043425, and

- ^ < K x < m l 0 3 C T (B-3)

The estimated values for \ix and the interval limits for P (0.999) were: \ix = 8.9 x 10"8 m s 1

and 4.1 x 10 1 5 ms 1 <K x <6.7x 10"6ms1.

Since the axial hydraulic conductivity can never be lower than the hydraulic conductivity of
the undisturbed rockmass, a truncation of a known value, equal to 1.0 x 1010 ms'1, the
estimated value for undisturbed rockmass, was assumed and the suggested interval limits
for axial hydraulic conductivity of the EDZ were 1.0 x 10 l 0ms"' to 6.7 x 10"6 ms 1 . These
are conservative values. For example the mean value, \ix = 8.9 x 10'8 m s ' , is higher than
the value reported by Pusch and Borgesson (1992) as an average axial hydraulic
conductivity (10"8 ms"1) for a 0.80 m thickness of EDZ. Considering both the range of EDZ
extent (0.884 m to 1.916 m) and the range of axial conductivity (1.0 x 10"10 m s 1 to
6.7 x 10^ ms'1), the overall suggested Kx values are higher than these considered by
Birgersson et al. (1992) and Hautojarvi (1991) in their models.
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To account for anisotropy, the radial hydraulic conductivity, Kx, is assumed to be one order
of magnitude lower than the value of axial hydraulic conductivity (Ky = Kx/10), the smallest
anisotropy ratios recommended by Winberg (1991b) for the EDZ.

In terms of permeability, in two-dimensional space, the second-rank (symmetrical)
permeability tensor is:

y* yy

(B-4)

For principal axes, the (diagonal) permeability tensor is:

kyy = kxx/10
(B-5)

Using Eq. (B-1), the estimated permeability values were seven orders of magnitude lower
than the hydraulic conductivity values. For the axial direction the geometric mean
permeability, GM = 1.7 x 10"17 m2 and the geometric standard deviation GSD = 34. The
interval limits for permeability in the axial direction for P = 0.999 are 4.1 x 10"17 m2 and
6.7 x 1013 m2, and truncated at 1.0 x 1017, 1.0 x 107 m2 < kx < 6.7 x 1013 m"2. The
permeability in the radial direction is assumed to be one order of magnitude lower than the
value of axial permeability (ky = kx/10).

B.4.3 EDZDISPERSIVITY

The equation of mass conservation of a species a, averaged over an REV of a porous
medium, also known as the equation of hydrodynamic dispersion, is generally written as:

foot = V - DVpa -VVp a (B-6)

where pa is mass density, D is the hydrodynamic dispersion coefficient (tensor) and V is
the average fluid velocity (vector).

The hydrodynamic dispersion coefficient, which includes the effect of both mechanical
(convective) dispersion and molecular dispersion, can be derived with the aid of
dimensional analysis (Bear 1972) and written as a sum of the coefficient of mechanical
dispersion (D*) and molecular diffusion (Dm) [D = D* + Dm], D being a function of Peclet
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number of molecular diffusion. Further, the mechanical dispersion coefficient is often
written as a linear function of velocity V and some characteristic length scale, aj, termed
dispersion coefficient or simple dispersivity [D* = aj V]. The spreading of the mass of
solute in a solution, as the flow takes place, is not isotropic even if the medium is isotropic;
spreading in the direction of the main flow (longitudinal dispersivity, an) differs from that
perpendicular to it (transverse dispersivity, 822).

The hydraulic dispersion, mechanical dispersion and the dispersivity coefficients have been
extensively analyzed by numerous investigators (Bear 1972; Freeze 1975; Gelhar and
Axness 1983; Frind and Matanga 1985; Dagan 1990; Neuman 1990; Moltyaner and Wills
1991).

The medium's dispersivity is a complex four-rank tensor; for a two-dimensional isotropic
system, Bear (1961) presented 16 components (4x4 matrix) and for a three-dimensional,
anisotropic medium, Scheidegger (1961) included 81 components. A very simple approach
was used in this study to describe the dispersivity of the EDZ. For uniform average
velocity, two dimensions (x, y plane) and the condition that direction of the average velocity
coincides with one of the axes at every instant; the dispersivity tensor takes the following
form:

(a) For dispersion in the direction parallel to the tunnel axis (x direction):

D - -h" . o ° a ] (B-7)
(b) For dispersion in the direction perpendicular to the tunnel axis (y direction):

n * _fayyii 0

No field experiments have been carried out that have yielded quantitative results concerning
dispersivity coefficients for the EDZ. In order to provide the values for these coefficients
which are required as input by the vault model, it was assumed that these coefficients are
completely dependent on the scale of the study, i.e., the EDZ dimensions for a room
element of the vault, constant for a given realization and their values can be estimated using
data from the literature. The dispersivity values reported in the literature vary widely. This
is reasonable since the dispersivity coefficient, always derived from back analysis, reflects
the overall outcome of actual movements of individual tracer particles through the
pores/fractures and various physical and chemical phenomena that take place within a given
system. Many forces and processes, most of them coupled, control each movement such as
the hydraulic gradient, the geometry of pores/fractures, reactions between the liquid and
solid phases (adsorption, deposition, ion exchange, etc.) and molecular diffusion.

Neuman (1990) pointed out that it is common in the groundwater literature to distinguish
between four major scales: pore, laboratory, local field and regional. For the EDZ around a
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room element of the vault, a local field scale, Ls, of about 100 m for the length of the room
and about two orders of magnitude smaller for the radial extent would be appropriate scales
for calculating the dispersivity coefficients based on some scaling rule. The distribution of
dispersivity coefficient is assumed to be uniform.

The interval limits for longitudinal dispersivities, axxn were calculated using a linear model
between logio of the longitudinal dispersivity and logio of the scale factor (Neuman 1990).
The equation of the line best fitted to over 130 dispersivities from laboratory and field
studies conducted on different scales given by Neuman (1990) is:

ax x l l =0.0175L1
s
46 (B-9)

with regression coefficient R2 = 0.75 and 95% confidence intervals [0.0113,0.0272] about
the coefficient 0.0175, and [1.30,1.61] about the exponent 1.46.

Using Eq. (B-9) and upper confidence intervals, the interval limits for axxn were estimated
to be 14.556 m and 45.141 m and for ayyi i 0.145 m and 0.451 m, two orders of magnitude
lower than the axxn values.

It is well established that transverse dispersivity (primarily induced by intensive mixing that
takes place at junctions of fractures) is lower than the longitudinal dispersivity. The ratio of
transverse to longitudinal dispersivity varies with the degree of anisotropy of the fractured
zone in both directions, the main flow and/or gradient angle to the bedding and many other
factors. The value used in this study for both the ratios, a , ^ / a^i i and a ^ I %i i . is
0.012, the average of several values (0.007,0.04,0.001 and 0.0014) reported for a series of
field studies (Gelhar and Axness 1983). The interval values for aXX22 were estimated at
0.175 m and 0.5421 m, and for a ^ 1.8 x 10"3 and 5.5 x 103 m.

B.5 CONCLUSIONS

Tht summary data of a conceptual model for the EDZ is presented in Table B-l.

There are no well-established criteria for defining the EDZ and its attributes and detailed
information about the geometry and the attributes of the EDZ is lacking. In the absence of
independent measurements on the EDZ, the suggested values are indirect derivations from
literature data in conjunction with several general assumptions. These values should be
regarded as preliminary estimates, but are conservative values.
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TABLE B-l

THE SUMMARY DATA OF A CONCEPTUAL MODEL FOR THE EDZ1.

CHARACTERISTIC /

PDF type

Parameters of PDF

u/Ug/A O / CTiogdt) / B

Interval limits (P=0.999)

<,X X£

1) Extent (m) / Normal

I 1.400 0.172 0.884 1.92

2) Hydraulic conductivity (m s"1) / Log|0-normal

a) Axial (Kx)

b) Radial (Ky)

1.7x10"'° 34

Truncated at 1.0 x 10"'°

1.0x10"'° 6.7 x 10"6

Ky = K,/10

3) Permeability, k (m2) / Logjo-normal

a) Axial (kx)

b) Radial (ky)

1.7 xlO"17 34

Truncated at 1.0 x 10"'7

LOxlff" 6.7 x 10"13

ky=kx /10

4) Dispersivity (m) / Uniform

a) Axial (x-direction)

a 1) Longitudinal (a,, 11)

a2) Transverse (axx22)

r i4.6

0.175

45.1

0.542

14.6

0.175

45.1

0.542

b) Radial (y-direction)

b 1) Longitudinal (ayy 11)

b2) Transverse ( a ^ )

1.46x10"'

1.75 xlO"3

4.51 x 10"'

5.42 x 103

1.46 x 10"'

1.75 xlO"3

4.51 x l O 1

5.42 x 10 3

5) Porosity/Log-normal

GM

5 x 10"5

GSD

3.16

Lower Bound

1 x 10"5

Upper Bound

1

6) Tortuosity/Triangular

Peak

3

Lower Bound

2

Upper Bound

8

For detail regarding symbol-notations see text.
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APPENDIX C

AMOUNT OF OXYGEN TRAPPED WITHIN THE CONTAINER

The amount of oxygen trapped in the container can be calculated from the difference
between the total internal volume of the container and the volume occupied by the basket,
fuel bundles and glass beads. The relevant information is given in Table C-l.

TABLE C-l

INTERNAL DIMENSIONS OF THE COPPER DISPOSAL

CONTAINER (Baumgartner 1995)

Total Internal Volume of the Container
Volume of the Fuel Basket
Volume of the Fuel Bundles
Density of the Glass Beads
Porosity
Volume of Glass Beads
Volume of Glass Beads and the Void Space
Volume of the Void Space

0.553 m§

0.040 m3

0.176 m3

2491 kg-nf3

0.35
0.219 m3

0.337 m3

0.118m3(118L.)

This void space of 118 L is full of air and at room temperature (25°C) and 1 atmosphere
pressure, will contain a total amount of oxygen, Qox, given by

Qox = (118/22.414) x (273.15/293.15) x 0.20946
- 1.01 mol.
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APPENDIX D

FUEL OXIDATION PRIOR TO WETTING AND ITS EFFECT

ON THE SUBSEQUENT CORROSION PROCESS.

Any defective fueJ bundles in the container would allow preoxidation of the fuel prior to
wetting on failure and flooding of the container. For temperatures of 100°C or less, the
oxidation of fuel by dry air proceeds only to the U3O7/U4O9 stage and the physical
breakup of the fuel, which accompanies oxidation to U3O8 at higher temperatures, is not
observed. According to the review and calculations of McEachern (1996), the diffusion-
controlled kinetics which apply to powders also apply to the early stages of the surface
oxidation of sintered pellets. McEachern has shown that this oxidation process obeys the
equation

x= (Kx)"2 (D-l)

where t is the oxide layer thickness and K, calculated from the activation energy for the
oxidation process (95.7 kJmol 1) , has a value of 1.195 x 10"21 m V at 100°C. At this
rate a 1 (xm layer of U3O7/U4O9 would take 26 a to form on the surface of the fuel.

The extent of this preoxidation process would depend on the number of defective fuel
bundles and the surface area of exposed fuel. It is possible that all the available oxygen
could be consumed by dry oxidation prior to wetting of the fuel. The consequences for
the subsequent corrosion of the fuel would, however, be minor. Gray and Thomas (1994)
have compared the dissolution (corrosion) rates of unoxidized and preoxidized LWR
fuels and found only slightly higher rates for the preoxidized specimens. They concluded
that this difference was most likely due to the uncertainties inherent in measuring and/or
calculating the surface areas of the specimens.

REFERENCES

Gray, WJ. and L.E. Thomas. 1994. Initial results from the dissolution testing of various
air-oxidized used fuels. In Materials Research Society Symposia Proceedings 133
(ed. A. Barkat and R. A. Van Konynenburg) (Scientific Basis for Nuclear Waste
Management XVII) 391-398.

McEachern, R.J. 1996. A review of kinetic data on the rate of U3O7 formation on UO2.
J. Nucl. Mater. (Submitted)



- 188-

APPENDIX E

RATE OF CONSUMPTION OF THE OXYGEN IN THE CONTAINER BY

REACTION WITH THE FUEL AND/OR THE CONTAINER.

(a) Consumption by Reaction with Fuel

Johnson (1982) has conservatively estimated the fuel surface area to be ~2 cm2g"' based
on the determination of the particle size distribution of fuel fragments from a Bruce
bundle. While this estimate takes no account of surface roughness or fuel porosity it does
include an estimate of the increased surface area due to cracks in the fuel. Each container
in the vault will hold 72 fuel bundles each containing 21.3 kg of UO2. Consequently, the
total surface area of fuel exposable to water is 3.07 x 106 cm .

The consumption rate of O2 by reaction with the fuel can then be calculated from the
concentration of O2 in the air-saturated water (~2 x 10"4 mol-L"1) and the corrosion rate of
UO2 in aerated solution. We have used our electrochemical model to predict a rate of ~2
x 10"8 g d ' c m ' 2 for the corrosion of UO2 in aerated solution at ~25°C (Shoesmith and
Sunder 1991). Since the overall reaction for the consumption of O2 by the corrosion of
fuel

2UO2 + 0 2 + 2H2O -> 2UO*+ + 4OH (E-l)

shows that two molecules of UO2 are oxidized by each molecule of O2, this leads to a
consumption rate for O2 of -1.315 xlO'9 mols"1.

( b ) Consumption Rate bv Reaction with Copper

The consumption rate of O2 by the copper container can be estimated using the mixed-
potential model for copper corrosion published by King et al. (1995). In this model the
mechanism assumed for the anodic dissolution of copper in saline solutions is

CuCl + e" (E-2)

Cuci + c r ?=e cuci; (E-3)

where ki, k-t, k2, k.2 are rate constants for the copper reactions. The coupled cathodic
reaction in this mechanism, the reduction of O2, is
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0 2 + 2H2O + 4e" ™> 40H" (E-4)

The results of King et al. (1995) show that reaction (E-2) is fast and can be considered to
be at equilibrium. This means that the anodic reaction is mass-transport limited as
opposed to the cathodic reaction (E-4) which is kinetically limited. By combining
electrochemical expressions for the anodic and cathodic current densities with mass
transport equations for steady-state diffusion , the corrosion current can be expressed in
terms of the O2 concentration by the expression

icORR = — g i l-(n cFk c
o[O2]o)2exp|^ :(E°-E«)| (E-5)

k-lk-2

which can be rewritten as

(E-6)

where

k ma1

K = . i±_ (E-7)

which is appropriate when mass transport rates are high as will be the case inside the
container. (By high we mean relative to the rates of mass transport in the compacted
buffer/backfill material outside the container.) In this equation aC]_ is the activity of

chloride in the groundwater, nc is the number of electrons in the cathodic reaction, F is the

Faraday constant, k° is the standard rate constant for reaction (E-4), kma is the anodic

mass transport coefficient (5.5 x 10"5 cms"1), [O2L is the O2 concentration in the flooded

void space, R is the gas constant, T is the temperature, E^ and E° are the standard

potentials for reactions (E-2) and (E-4), respectively. It is clear from this equation that
icoRR will decrease with time as O2 is depleted. We can calculate an initial value of
ICORR (7 x 10"5 amp cm"2) from Eq. (E-5) using the value of [ O2L for aerated solution
(2 x 10"4 mol-L"1) and the values given by King et al. (1995) for the other parameters.
This is equivalent to a consumption rate for O2 of -1.34 x 10"5 mol-s"'. This rate is
1.02 x 104 faster than the rate of consumption by fuel.

(c) Time to Consume all the Oxygen

Given the large disparity in the rates of consumption of O2, it is reasonable to assume that
the great majority will be consumed by reaction with the copper container. An estimate
of the time required to exhaust the available O2 (teX) can be obtained by using a "mean"
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value of icoRR ((icoRR)m) obtained from Eq. (E-5) using a value for [O2]_ equal to half the
fully aerated value and the equation

tex = Qox nc F/[(iCORR )m AcU] (E-6)

where QOx is the initial quantity of O2 present in the container (1.01 mol), and Acu is the
surface area of the inside of the container (3.7 x 104 cm2). This calculation shows that all
the available O2 in the container would be consumed by reaction with the container in
~ 1.4 days.

REFERENCES

Johnson, L.H. 1982. The dissolution of irradiated UO2 fuel in groundwater. Atomic
Energy of Canada Limited Report, AECL-6837.

King, F., CD. Litke, M.J. Quinn and D.M. Leneveu. 1995. The measurement and
prediction of the corrosion potential of copper in chloride solutions as a function
of oxygen concentration and mass-transfer coefficient. Corr. Sci. 37(5), 833

Shoesmith, D.W. and S. Sunder. 1991. An electrochemistry-based model for the
dissolution of UO2. Atomic Energy of Canada Limited Report, AECL-10488.



-191-

APPENDIXF

DOSE RATE TO WATER IN CONTACT WITH

THE REFERENCE USED CANDU FUEL

We have calculated the alpha, beta and gamma dose rates to water, in contact with
CANDU fuel with a burnup of 720 GJ(kg U)"1 (i.e., the reference used fuel in this study),
Fig. 5.4, using the results and methods described in a report by Sunder (1995). This
report gives the dose rates in water in contact with a single CANDU fuel bundle of
burnup 685 GJ(kg U)"1, and the reference fuel in the original postclosure assessment
(Johnson et al. 1994) and gives a procedure to obtain the dose rates for CANDU fuels of
different burnups. The dose rates for fuel of burnup 720 GJ(kg U ) ' were obtained by
multiplying the dose rates for the fuel of burnup 685 GJ(kg U)"\ by the factors obtained
from Figs. 5.2,5.4 and 5.6 respectively, in the above report. The values of these factors,
used to obtain the results shown in Fig. 5.4, are 1.12, 1.08, and 1.11, for the alpha, beta
and gamma dose rates, respectively. Note, the values of these factors depend not only on
the burnup of the fuel but also on its age. However, the factors are weak functions of the
fuel age. We have used the highest possible values of these factors to maintain
conservatism in our calculations.

The most probable source of variation in the alpha dose rate is the varying range of the
alpha particles in water which depends on the energy of the alpha particle. The most
probable range of energies for alpha particles emitted from used CANDU fuel is from an
average of 2.93 MeV to a maximum of 5.3 eV (Sunder 1995). From these energies the
variation in alpha dose rates can be estimated. On the basis of this variation the alpha
dose rates can be considered to be triangularly distributed with an alpha dose vary factor
of 1.00 with upper and lower bounds of 1.66 and 0.77, respectively. The major source of
uncertainty in calculating the beta dose rate is the variation in the ratio of the mass
stopping powers of water and fuel with the energy of the beta particles. As for alpha dose
rates, we can describe the variations in beta dose rate using a triangular distribution with a
vary factor of 1.00 with upper and lower bounds of 1.41 and 0.75, respectively.
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APPENDIX G

THE CALCULATION OF GAMMA DOSE RATE AT USED FUEL

SURFACES IN THE WASTE CONTAINER

The gamma dose rate to water in a used fuel container is not only a function of the fuel
burnup and cooling period but also of the amount and geometry of the fuel due to the
large "half-thickness value" (i.e., the thickness of the absorber medium required to reduce
the radiation intensity by one half) for gamma radiation. A water layer in contact with the
used fuel receives a gamma dose rate not only from the fuel it is in contact with but also
from the nearby used fuel. Therefore, the gamma dose rate inside the container would be
different from that for a single bundle shown in Fig. 5.4. The alpha and beta dose rates
are not a function of the amount of fuel in the container since the range of these particles
is too short for the irradiation of close neighbours to occur. Here, we briefly summarize a
procedure used to determine the gamma dose rates in the container from the gamma dose
rates for a single fuel bundle.

While estimates of the gamma dose to water at the edge of a fuel bundle (Sunder 1995)
and at the edge of a reference titanium container are known (Baumgartner 1993), the
absorbed dose rate inside the reference copper container is not. The method described
here calculates the absorbed dose anywhere inside the container given a known dose at
some point in the container. This is done by assuming the container is filled with a
uniform density of point source emitters, using the gamma attenuation equations, the
Berger form of the buildup equation and assuming the volume reduction factor for a
cylinder is proportional to the radius (Truby 1966). From these relationships and
assumptions, the attenuation ratio, A(L), can be expressed as:

2ltR

A(L) = N j Jexp[-npD(r,L,8)]B(D(r,L,e))drde (G-l)
O 0

Here,

D(r, 6, L) = •N/r2+L2-2rLCos(9) (G-2)

and

B(D) = 1 + QipD exp (GupD) (G-3)

\i is the gamma ray energy dependent mass attenuation coefficient; p is the density of the
absorbing medium; L is the radial distance at which the attenuation ratio is desired; N is a
normalization factor obtained from evaluating A(L) at R; R is the radius of the cylinder;
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and C and G are gamma ray energy dependent build up coefficients, also known as Berger
factors.

The average density inside the copper container considering all components, glass beads,
water, used fuel and Zircaloy is 4.36 gem"3 (Baumgartner 1993). A mass attenuation
coefficient of 0.11 cm2 g 1 for the gamma radiation (from137Cs, one of the main sources
of the gamma radiation in the used fuel) was used based on the average density inside the
container (Shleien et al. 1984). Estimated values of C (1.0) and G (0.08) were used based
on Trubey (1966) and the average density.

The attenuation ratio varies with radial position in the container. Since only a single
value is desired, an areal average was done of the attenuation ratio. In this manner a
value of 1.97 was obtained.

According to Baumgartner (1993) and Simmons and Baumgartner (1994) the absorbed
dose rate to air at the edge of a titanium container from the code ONEDANT for a burnup
of 1008 GJ(kg U)'1 is 53 Gy-h"'. The 6.35-mm-thick titanium container will afford very
little shielding, about a factor of 0.9; thus, from this calculation the dose rate just inside
the container will be about 59 Gy-h'1. A calculation by Wilkin (1985) for a burnup of
1008 GJ(kg U)"1 from the 3-D Monte Carlo code MCNP gives the dose rate in air at the
outer edge of a titanium container to be 22 Gy-h'1. Thus, according to the MCNP code
the dose rate just inside the container would be about 24 Gy-h'1. In a latter calculation,
Wilkin (1990) gives the dose rate on contact with a fuel bundle to be -27 Gy-h"1 (Sunder
1995). This calculation was for a fuel bundle of 685 GJ(kg U)"1 burnup using from the
code ONEDANT. (Note, the dose rate versus time information for gamma radiation
shown in Fig. 5.4 is based on this later calculation.)

All the above quoted dose rates are for air (for 10-year-old fuels). The dose rates for a
water filled container would be somewhat smaller. To use the bundle dose rates we must
first multiply by a factor to convert from the edge of a bundle to the edge of a container,
then we must multiply by another factor to include the effect of averaging over the
interior of the container. From the above information it would appear that at the edge of
the container the dose rate is about twice that calculated for a single bundle (i.e., no more
than about two bundles contribute to the dose rate at the edge). This information,
however is for the titanium container rather than the copper. The copper container has a
larger radius than the titanium and contains more fuel bundles across the diameter
(Baumgartner 1993, Simmons and Baumgartner 1994). It is uncertain whether the dose
rate would be larger or smaller for the copper container because the larger number of
containers across the radius would be counteracted by a larger amount of shielding
(-25 mm for the copper container cf. 6.3 mm for the titanium container). For now we
will assume that the titanium and copper containers will have about the same dose rates at
the edge.

Inside the container, our calculations suggest on average the dose rate is twice the dose at
the edge for a copper container. Thus, using a factor of 2 for edge of bundle to edge of
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container and a factor of 2 between edge and interior we would get a value of 4 for the
final factor to go from bundle to container.

Considering nearest neighbours, the maximum dose rate amplification from bundle to
container would be seven (six nearest neighbours plus one in the centre) if attenuation
were ignored. Thus, a reasonable distribution for a bundle to container dose conversion
factor for use in calculating UO2 dissolution rates would be a uniform distribution
between 4 and 7. This would be conservative because it ignores the effect of water versus
air and it uses the ONEDANT data rather than the lower MCNP data. There is some
uncertainty about the conversion from the titanium design to the copper design but using
the nearest neighbour approach should give an upper bound that is unaffected by this
unknown conversion factor.
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APPENDIX H

CORROSION RATES USED IN THE MODEL

The procedures used to measure dissolution currents and corrosion potentials have been
described elsewhere (Shoesmith et al. 1989, Sunder et al. 1996). The dissolution currents
used here are those measured originally (Shoesmith and Sunder 1991) in non-complexing
solutions (pH = 9.5, [CO3]totai < 10'3 mol-L"1), and recent, more comprehensive
measurements have yielded currents an order of magnitude or more lower (Sunder et al.
1996), Fig. H-1. These recent data show that the dissolution currents can vary substantially
at the high electrode potentials at which they are measured. This scatter appears to be
attributable to the varying degrees of blockage of the dissolution process by the
accumulation of secondary phases (e.g. UO3xH2O). By extrapolating the line through our
original data (1 in Fig. H-1) we ignore these complications but maintain a large measure of
conservatism. Consequently, the errors in our predicted corrosion rates reflect the errors in
the measured corrosion potentials only.
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FIGURE H-1: Anodic Dissolution Currents as a Function of Applied Potential Recorded
on a UO2 Rotating Disc Electrode Rotating at 16.7 Hz in 0.1 mol-L"1

NaClO4 (pH = 9.5) (Sunder et al. 1996)



- 197-

Values of corrosion potentials measured as a function of dissolved O2 concentration,
gamma radiation dose rate and alpha source strength have been published (Shoesmith et al.
1989; Sunder et al. 1992, 1995). These values range from >150 mV in solutions exposed to
the highest gamma dose rates to <-200 mV for unirradiated deaerated solutions. It is clear
that an extrapolation to the more positive corrosion potentials representative of oxidizing
conditions will yield more reliable values of corrosion rate than the lengthy extrapolations
to the negative end of the corrosion potential range measured under much less oxidizing
conditions.

In Fig. 5.5 the corrosion rates obtained in this manner are plotted logarithmically as a
function of the dose rate for both gamma and alpha radiation, and the lines represent linear
fits to the data. The procedure used to obtain these plots is illustrated schematically in
Fig. 5.2 (Section 5.3.2.4). While this fit appears to be reasonable, it obscures a number of
features of the data. Figure H-2 shows a plot of the log of the corrosion rate against the

OF

200 400 600 800 1000 1200 1400 1600

(Dose Rate)1*

FIGURE H-2: Fuel Corrosion Rates (at 100°C) as a Function of the Square Root of the
Gamma Dose Rate Predicted by the Procedure Outlined in Fig. 5.2 Using
the Data from Fig. 5.5. The solid line is a linear fit to the data points for
dose rates > 1.6 x 10s Gya"1. The dashed lines are envelopes for the data.
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square root of dose rate for the data recorded in the presence of gamma radiation. The
square root of the dose rate is approximately proportional to the concentration of radiolysis
products (Christensen and Sunder 1989). The solid line drawn in Fig. H-2 shows that the
corrosion rate is a linear function of dose rate for dose rates >1.6 x 105 Gya"1. The dashed
lines are simply crude envelopes for the data.

For lower dose rates, however, the dependence of corrosion rate on the concentration of
radiolysis products appears to be unrealistically large, a fact that is obscured when the data
are plotted logarithmically as in Fig. 5.5. Our electrochemistry and XPS results show that
this deviation from first order kinetics coincides with a change in the oxidation/dissolution
mechanism of UO2 (Shoesmith and Sunder 1991). In the linear region (dose rate
>1.6 x 105 Gya"1) dissolution is occurring from an oxidized surface layer of composition
UO2.33. For dose rates <1.6X105 Gya1 the surface composition is a function of potential
(UO2+x with x decreasing as the potential decreases) and with decreasing dose rate less
positive corrosion potentials are achieved (Sunder et al. 1992). The application of our
electrochemical model, therefore, predicts corrosion rates that fall rapidly as the dose rate
decreases.

It is possible that this predicted decrease in corrosion rate at low dose rates is real and can
be taken to represent expected fuel behaviour. However, it is also possible that
extrapolation of currents measured at positive potentials (Fig. H-l) to corrosion potentials
achieved in this region where the surface composition is potential-dependent is not merited;
i.e., our electrochemical model no longer applies. Even if our model is still applicable, the
length of the extrapolation needed to predict rates for low dose rates makes the values
obtained uncertain. This uncertainty can be a few orders of magnitude as is clear from
Fig. 5.5 for both gamma and alpha radiolysis. In the log fit used in Fig. 5.5, the weight of
these low rates is increased with respect to the more accurate higher rates. For these
reasons, the values plotted in Fig. 5.5 with closed symbols are not used in our predictions of
fuel behaviour.

The consequences of not using these data points lead to conservative predictions of
corrosion rates at low dose rates since it assumes that the linear relationship observed at
high dose rates will still apply as they decrease. This implicitly assumes that our
electrochemical model established at potentials >-100 mV (vs. SCE) applies for potentials
below this value also.
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APPENDKI

EFFECT OF TEMPERATURE ON THE DISSOLUTION RATE

The temperature at the centre of a disposal container has been calculated as a function of
time of emplacement in the vault using a finite element analysis for the in-room
emplacement study (Wai and Tsai 1995). This procedure, and the reliability of the results
obtained, have been discussed (Baumgartner and Ates 1995, Baumgartner 1995). Figure 1-1
shows a plot of the temperature-time profile predicted by this procedure. The maximum
temperature is expected to be ~92°C achieved after approximately 10 a of emplacement. By
100 a the temperature will have fallen to ~65°C and by 1000 a to 55°C.

Since radiation dose rates, Fig. 5.4 are highest when fuel temperatures are highest, (Fig. 5.4,
Fig. 1-1), we have taken the temperature to be a conservatively constant 100°C when
calculating the corrosion rates due to water radiolysis. However, by the time radiation dose
rates have decayed significantly (i.e., for t > 200 a) and corrosion rates fallen to below the
threshold value, the temperature will have decreased to 50 to 60°C, and will remain in this
range until t > 4000 a (Fig. 1-1). Therefore, we have assumed that dissolution at the
threshold rate will persist indefinitely at a temperature of 55°C, an approximate mean
value for the temperature in this range (-200 to -4000 a).

We have chosen an activation energy of 33.5 kJ-mol"' based on our review of activation
energies (Sunder and Shoesmith 1991) and some recently reported measurements
(Shoesmith et al. 1996). Our review shows that, in non-complexing solutions the measured
activation energies (29 to 34 kJ-mol"1) are lower than those recorded for carbonate-
containing solutions (42 to 63 kJ-mol"1). This undoubtedly reflects the inhibiting effect of
oxidized surface films and deposited corrosion products, the values measured in carbonate
solutions being closer to the "real" value for unimpeded corrosion. Since the groundwaters
expected to flood the container will not be complexing for the uranyl ion (UOj+) the
activation energy we have chosen is the largest reported in non-complexing solutions,
33.5kJmol'.

The use of a single value of the activation energy to calculate corrosion rates at high
temperatures implicitly assumes that the mechanism of (corrosion) dissolution does not
change with temperature, and is controlled by a single activated step. However,
experimental evidence exists to show that both the surface chemistry and the effect of
radiolysis products on the corrosion processes occurring do change with temperature. Data
show that the thickness of the oxidized surface layer (UO2.33) increases with temperature
(Taylor et al. 1991). This increase, possibly coupled with an increase in the extent of
surface blockage by precipitated secondary phases (UO3-H2O), probably accounts for the
unexpectedly small activation energies measured in non-complexing solutions and is
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implicitly included in our model as a consequence of choosing a value measured in non-
complexing solution. Experiments in which UO2 specimens are examined by XPS after
exposure to irradiated high temperature water show that the degree of surface oxidation
decreases as the temperature increases (Sunder et al. 1990, Sunder and Miller 1995). This
suggests the kinetic influence of radiolytic reducing species increase as the temperature
increases to >100°C. This would be expected to lead to a lower than anticipated rise in
corrosion rate at temperatures in the vicinity of 100°C and is not included in the
calculations presented in this report.
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APPENDIX J

DETERMINATION OF THE FITTING PARAMETERS FOR CORROSION RATES

The corrosion rate data used in the calculations presented in this chapter are plotted in
Fig. 5.6 (Section 5.4.9), and the reasons for not including the predicted rates at low gamma
and alpha dose rates are discussed in Appendix I.

By discarding the values for low dose rates (Fig. 5.5), we avoid predicting a major decrease
in corrosion rate for used fuel at these low doses. This is particularly important for alpha
radiolysis since we are predicting rates at dose rates substantially lower than those used
experimentally (Fig. 5.6A). In the absence of a firm knowledge of the distribution of errors
in the experimental points, it is difficult to decide what is the most appropriate relationship
to use to fit the data and subsequently to extrapolate it. Consequently, we have performed
least-square fits to the power-law dependence,

c = bda (J-l)

where c is the dissolution rate and d is the dose rate (a(t), p*(t) or 7(t)) both after a
logarithmic transformation of the data points ("log fit") and directly for the original points
("direct fit"). The log fit corresponds to minimizing the following sum of residuals

lidogq-logOxli0))2 (J-2)

which is a linear problem both in log b and in a. The sum of residuals to minimize in the
direct fit is

l iUi-bdj8) (J-3

which results in a nonlinear problem that requires a numerical solution of a single highly
nonlinear equation for the unknown a.

For alpha radiolysis we have used the log fit and estimated the error in a predicted value by
calculating its standard deviation (Fig. 5.6A). This log fit was deemed more appropriate
than a direct fit for two reasons. Firstly, values in a residuals plot are more symmetrically
distributed around zero for the log fit man for the direct fit. Secondly, the log fit effectively
increases the weight of the low dose-rate points with respect to the high dose-rate points;
this is appropriate since, for alpha radiolysis, we are always interpolating between the
experimental points and zero dose rate (Fig. 5.6A).

For corrosion due to gamma/beta radiolysis a direct fit would be more conservative if an
extrapolation to higher dose rates was required. However, as for alpha radiolysis, the
predominant need is for an extrapolation to lower dose rates. For a direct fit the residuals
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plot shows the typical triangular shape that warrants a logarithmic transformation (Fig. J-l),
and the subsequent log fit yields a residuals plot with a more symmetrical distribution of
values around zero (Fig. J-2).

This log fit yields a value for the slope of 1.39 ± 0.12 and would yield very conservative
predictions of corrosion rates if extrapolated to higher dose rates. However, its
extrapolation to lower dose rates will be particularly dependent on the accuracy of our
experimental data points at lower dose rates. When deciding which data points were
appropriate to fit, we discarded a number of points for low dose rates because they were
corrosion rates predicted from low corrosion potentials in the region where the fuel surface
composition is changing with potential (Appendix H). In this region our model may not
apply, or, if it does, will yield corrosion rates which decrease rapidly with dose rate
(Fig. H-2). This is consistent with our understanding of the UO2 oxidation/dissolution
process. However, if the corrosion rate does decrease rapidly with dose rate for d
<105 Gya."1 then the four points at d ~104 Gya'1 (Fig. 5.6) are in error and grossly
overpredict the rate for this dose rate. Their inclusion in our fit will, however, exert a
significant influence on the slope since the log fit gives extra weight to these points, and a
value for the slope of -1.3 ± 0.2 is obtained.

If these data points are not included in our fit then a lower slope would be obtained and the
extrapolation of this fit would predict higher corrosion rates at the lower dose rates than the
extrapolation of the log fit when these data points are included. To avoid underestimating
predicted corrosion rates at lower dose rates without excluding these points we have forced
a fit through our data with a unit slope (Fig. 5.4). Also shown in this figure
is the unforced fit to illustrate the conservatism inherent in the forced fit procedure.
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FIGURE J-1: Residuals Plot for the Least-Square Fit of the Corrosion Rates Due to
Gamma Radiolysis as a Function of Gamma Dose Rate (direct fit, data from
Fig.5.6B)
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