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ABSTRACT

Canada, like other countries, is developing technology for disposal of its nuclear fuel waste, based on the
concept of geological disposal in stable plutonic rock of the Canadian Shield. In common with the
approach adopted in other countries, the Canadian concept involves isolating the waste from the biosphere
by a series of engineered and natural barriers. These barriers include the form of the waste itself; long-
lived containers in which the waste is sealed; buffer materials to separate the containers from the
surrounding rock and to control the movement of water to, and corrosion products and contaminants away
from, the container; seals and backfill materials to close the various openings, tunnels, shafts, and
boreholes; and the rock mass in which the disposal vault is located. The choice of methods, materials, and
designs for a disposal system will ultimately be made on the basis of safety, taking into account the
characteristics of the specific site on which the facility is to be developed, costs and practicality.

As part of its work in developing the technology for the disposal of Canada's nuclear fuel waste, AECL
analyzed the performance of a hypothetical disposal facility that incorporates specific design choices for the
engineered barriers and that assumes a specific geological setting. This system, comprising the disposal
facility and the geological setting, and the results of the performance analysis, is described in an
Environmental Impact Statement that AECL submitted in 1994 and in a Primary Reference for the EIS
"The Disposal of Canada's Nuclear Fuel Waste: Postclosure Assessment of a Reference System."

The performance analysis was not intended to be a general proof of the safety of disposal, but rather it
presents a safety analysis of one specific system to illustrate the postclosure assessment methodology and
to demonstrate that safety could be achieved for the system in question. Although the design of the disposal
facility analyzed and the geological setting have specific features, the results obtained from the safety
analysis can, however, be used to provide considerable insight into the performance of the various
components that comprise the multibarrier geological disposal system. Moreover, the results can show how
changes in the performance of specific components can affect the overall performance of the system. This
report discusses these aspects of the postclosure analysis.
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RESUME

Le Canada, comme d'autres pays, travaille a la mise au point d'une technologie pour le stockage
permanent de ses dechets de combustible nucleaire; il analyse actuellement le concept de stockage
geologique dans la roche plutonique stable du Bouclier canadien. A l'instar de l'approche adoptee par
d'autres pays, le concept canadien prevoit Pisolement des dechets de la biosphere au moyen d'une serie
de barrieres ouvragees et naturelles. Ces barrieres sont la forme de dechets; les conteneurs a longue
duree de vie a l'interieur desquels sont scelles les dechets; les materiaux-tampons qui isolent les
conteneurs de la roche environnante et qui freinent le mouvement de l'eau jusqu'au conteneur ainsi que
la migration des produits de corrosion et des contaminants; les materiaux de scellement et le remblai qui
obturent les ouvertures, les galeries, les puits et les trous de stockage; et le massif rocheux dans lequel est
situee Pinstallation de stockage. Le choix des methodes, des materiaux et des modeles de stockage sera
ultimement fonction de la surete, mais on tiendra aussi compte des caracteristiques du site dans lequel
l'installation sera construite, des couts et des aspects pratiques.

Dans le cadre de ces travaux de mise au point de la technologie du stockage permanent des dechets de
combustible nucleaire du Canada, EACL a analyse les performances d'une installation de stockage
hypothetique qui fait appel a des barrieres ouvragees de conception specifique et a un cadre geologique
precis. Ce systeme, qui consiste en une installation de stockage et en un cadre geologique, de meme que
les resultats de l'analyse des performances, sont decrits dans l'Etude d'impact sur l'environnement
presentee par EACL en 1994 et dans le Rapport de reference principal intitule «Le stockage permanent
des dechets de combustible du Canada : evaluation de post-fermeture d'un systeme de references

L'analyse des performances ne se veut pas une preuve generate de la surete du stockage permanent; elle
se presente plutot comme une analyse de la surete d'un systeme particulier, qui illustre la methodologie
devaluation de post-fermeture et montre la surete du systeme en question. Bien que le modele de
stockage analyse et le cadre geologique aient des caracteristiques precises, les resultats obtenus dans le
cadre de 1'analyse de la surete peuvent constituer une mine de renseignements sur les performances des
differents composants qui forment le systeme de stockage geologique a barrieres multiples. De plus, les
resultats demontrent de quelle facon des changements dans les performances de composants specifiques
peuvent influer sur les performances globales du systeme. Le present rapport traite de ces aspects de
l'analyse de post-fermeture.
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1. INTRODUCTION

Canada, like other countries, is developing technology for disposal of its nuclear fuel waste, based
on the concept of geological disposal. In the Canadian case, nuclear fuel waste would be
emplaced in stable plutonic rock of the Canadian Shield. In common with the approach adopted
in other countries, the Canadian concept for deep geological disposal, as developed by AECL,
involves isolating the waste from the biosphere by a series of engineered and natural barriers.
These barriers include the form of the waste itself; long-lived containers in which the waste is
sealed; buffer materials to separate the containers from the surrounding rock and to control the
movement of water to, and corrosion products and contaminants away from, the container; seals
and backfill materials to close the various openings, tunnels, shafts, and boreholes; and the rock
mass in which the disposal vault is located, the geosphere. There is international consensus that
deep geological disposal can effectively achieve the goal of safely managing nuclear fuel waste in
the long term (OECD 1995). The biosphere, although not a barrier per se, is an important part of
the overall system. Because it contains the pathways through which direct exposure of humans
and non-human biota to contaminants could occur, its study must be part of any waste
management program.

The Canadian concept proposes that the fuel waste, in the form of either used-fuel bundles or
solidified high-level waste from reprocessing, would be enclosed in long-lived containers and
emplaced in a vault excavated 500 to 1000 m deep in plutonic rock of the Canadian Shield.

The choice of methods, materials, and designs for an actual disposal system will ultimately be
made on the basis of safety, taking into account the characteristics of the specific site on which
the facility is to be developed, cost and practicality. They could include, for example,

- the form of the waste - used-fuel bundles or solidified reprocessing waste;
- the disposal container material - titanium alloy, copper, or other durable material;
- the container design - internal support with packed paniculate or a rigid support structure;

the composition of materials used for the buffer, backfill, and seals;
the excavation method - blasting or boring;

- the depth, geometry, and the number of levels of the vault;
- the size and shape of the excavated openings; and
- the location of the waste containers - within disposal rooms or in boreholes in the floor (for

instance) of the rooms.

The choice of materials and designs for the engineered barriers will be made taking into account
the characteristics of the site being studied so that the engineered barriers will be in harmony with
the environmental characteristics of the site (e.g., the geochemistry and geomechanics) and the
processes acting in this environment (e.g., corrosion, sorption, diffusion, advection). In this way
the site environment will contribute to the longevity and effectiveness of the barriers. Such a
disposal system is intended to be a permanent method of management. There would be no
intention to retrieve the waste or rehandle it in the future, although retrieval would be possible.
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AECL's approach to the development of a disposal concept has been to consider the performance
of the system as a whole, rather than to focus on performance requirements for individual
components. This approach allows flexibility in implementation, and it increases the likelihood of
identifying any counter-intuitive interactions or synergisms among system components that could
adversely affect safety. Thus the performance of individual components, such as waste
containers, is analyzed in the context of the system. This contrasts with a design and safety
approach that prescribes performance standards for individual components and evaluates safety by
analyzing the performance of each component independently. Our goal, therefore, has been to
develop a thorough scientific understanding of the performance of the different components of a
disposal system and to study how these components interact and influence one another, so that
the overall system can be designed to provide adequate assurance of safety.

As part of its work in developing the technology for the disposal of Canada's nuclear fuel waste,
AECL analyzed the performance of a hypothetical disposal facility that incorporates specific
design choices (i.e., a reference design) for the engineered barriers and that assumes a specific
geological setting. The reference system, comprising the disposal facility and the geological
setting, and the results of the performance analysis, is described in an Environmental Impact
Statement (AECL 1994), and the Primary Reference, "The Disposal of Canada's Nuclear Fuel
Waste: Postclosure Assessment of a Reference System" (Goodwin et al. 1994). This analysis and
the validity and interpretation of the results have been the subject of considerable comment by
reviewers (AECB 1995, SRG 1995, SAT 1995, NEA 1995, EAT 1995).

The performance analysis was not intended to be a general proof of the safety of disposal, but
rather it presents a safety analysis of one specific system to illustrate the postclosure assessment
methodology and to demonstrate that safety could be achieved for the system in question.
Although the design of the disposal facility analyzed and the geological setting have specific
features, the results obtained from the safety analysis can, however, be used to provide
considerable insight into the performance of the various components that comprise the
multibarrier geological disposal system and insight into how changes in the performance of
specific components can affect the overall performance of the system. This report discusses these
aspects of the postclosure analysis.

2. GEOLOGICAL SETTING

The postclosure analysis assumes a specific geological setting that is based on geosphere
conditions and parameter values that have been determined at AECL's Whiteshell Research area
(WRA). For example, the geosphere is assumed to consist of domains of low-permeability,
sparsely fractured rock and moderately fractured rock, and permeable zones of highly fractured
rock. The parameters that describe the transport properties of these rock domains and zones—
permeability, porosity, dispersivity, diffusion, and sorption—are based on values measured at the
WRA. Recent reports by Ophori et al. (1995, 1996) and Stevenson et al. (1995, 1996a,b) provide
information on the permeability conditions that have been determined at the WRA. Thus the rock
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properties that were assigned to the geosphere model used in the case study are representative of
rock that has been encountered in field studies at the WRA. Moreover, as discussed in Brown et
al. (1996), plutonic rock bodies are common throughout the Shield, and many of these are likely
to have properties potentially suitable for hosting a disposal vault. Where domains of low-
permeability, sparsely fractured rock exist, this rock can serve as an effective barrier to inhibit the
movement of contaminants. On the other hand, as will be discussed below, the concept of
geological disposal does not depend on the existence of such rock surrounding the disposal vault.
But we can use our knowledge of groundwater flow setting, both at the large scale and at the
local site scale, to assist in retaining and retarding the movement of vault contaminants.

The hydrogeological setting chosen for the case study is based on an understanding of the
hydrogeological setting of AECL's Underground Research Laboratory (URL) in the WRA. In
particular, the hydraulic heads used in developing the geosphere model represent the topography
and pattern of fracturing of the WRA in the vicinity of the URL. As well as a geosphere
containing zones of sparsely fractured rock and moderately fractured rock, the case study
discussed in the EIS assumed that the waste disposal vault is located in the vicinity of a large
permeable fracture zone designated LD1 (Figure 1). Fracture zones have been encountered at the
various research areas studied by AECL and represent an important potential pathway for the
movement of groundwater and contaminants from the disposal vault depth to the surface
environment. Based on our investigations of several different geologic research areas on the
Canadian Shield, we believe that any site in plutonic rock of the Shield could have fracture zones
in its vicinity. Thus the case study can be used to examine the potential impact of such fracture
zones on long-term safety.

In the case study, we have deliberately introduced a number of pessimistic assumptions about the
location, interconnection and extent of such fracture zones to illustrate that safety can,
nonetheless, be achieved. For example, we have assumed that fracture zone LD1, closest to the
hypothetical disposal vault, is well connected to a source of surface recharge and that LD1
discharges groundwater to the surface rather than carrying water and contaminants to greater
depth. The time taken for groundwater to move along the fracture from vault depth to the
surface, in the absence of pumping, is about 1000 a. However, in the analysis, the effects of
pumping water from a well located in the fracture zone are included, and under some
circumstances this can reduce the groundwater transit time from 1000 a to a few hundred years.
The transit time depends on both the pumping rate and on the location of the pumping well (depth
of the well) within the fracture zone.

The overall hydrogeological setting for the geosphere model in the case study is such that the
groundwater flow field at the location of the hypothetical disposal vault is generally towards the
fracture zone in the rock to the right of the fracture zone, and away from the fracture zone in the
rock to the left of the fracture zone. In the case study, the vault is located to the left of the
fracture zone (Figure la and lb). However, because of the very low permeability of the sparsely
fractured rock at vault depth (in the lower rock layer of Figure la) the movement of contaminants
on the left-hand side of the fracture zone is dominated by diffusion. Consequently, even though
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the hydraulic gradient gives rise to advective flow paths that are directed away from the fracture
zone, contaminants from disposal rooms located to the left of the fracture zone move slowly
through the rock by the process of diffusion. Contaminants from the disposal rooms nearest to
LD1 diffuse to LD1; contaminants from the far left side of the vault move very slowly toward
ground surface through the low-permeability sparsely fractured rock. By far the most important
geosphere pathway for contaminants to reach the surface, and the pathway that contributes by far
the largest portion of risk, is via relatively rapid flow up the fracture zone (LD1) situated near the
disposal vault.

If vault disposal rooms were located to the right of the fracture zone (Figure lc), contaminants
would move toward the fracture zone under the combined effects of diffusion and advection.
Once contaminants enter the fracture zone, they would move towards the surface by advection.

In the case study, fracture zone LD1, which represents the principal pathway for contaminants to
move to the surface, was assumed to be aligned along one side of the vault, so that all
contaminants entering the lower rock zone from the vault regions adjacent to the fracture zone
have the same distance to travel to the fracture. In this sense the relative orientation of the vault
and the fracture zone can be considered to be conservative.

Although the specific geosphere model for the case study assumes a particular geometry and
location of the major fracture zone relative to the vault, the results provide a general insight into
the potential effects of a major fracture zone in the vicinity of a disposal vault. Care must be
taken, however, not to overgeneralize since the case study also assumes a specific design of
engineered barriers and a specific arrangement of these barriers, namely, borehole emplacement of
the waste containers in the floors of the disposal rooms.

It should be noted that at a real site the possible existence of an undetected fracture zone that
could represent a potential pathway to the surface would be a concern. The probability that such
a fracture zone could exist and not be detected would need to be argued in the context of the
known characteristics of the site and the site-specific work that had been conducted—examination
of cores from boreholes, the results of hydraulic monitoring and pumping tests that would reveal
the inter-connectedness of fracture systems, seismic and radar scans, analysis of satellite, airborne
and surface remote sensing surveys, and geological and geochemical mapping. It is probable that
the presence of a major undetected fracture of the type modelled in the case study would be
effectively ruled out by the combination of such test results.

3. CASE STUDY RESULTS

3.1 LOCATION OF DISPOSAL VAULT RELATIVE TO THE FRACTURE ZONE

Preliminary analyses of system performance with disposal rooms located both to the right and the
left of the fracture zone (Figure lc) clearly show that a substantial improvement in performance
would be obtained if waste were not located to the right of the fracture zone. That is, adjusting
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the location of the disposal facility with respect to such a major hydraulic pathway to the surface
had a significant influence on the performance of the overall system. This is, of course, not
surprising. One of the objectives of site characterization is to determine the groundwater flow
regime so as to locate the disposal vault, to the extent possible, such that the performance of the
disposal system is enhanced by the hydrogeologic setting. Restricting the waste emplacement
areas of the disposal vault to the left of the major fracture zone is an example, albeit a rather
simple one, of the application of this principle. (Subsequent to publication of the EIS a major
study of the WRA has been completed that illustrates how an understanding of the large-scale
groundwater flow system can be developed and can be used to establish a suitable location for a
disposal facility to take advantage of knowledge of the overall hydrogeological setting (Ophori et
al. 1995, 1996; Stevenson et al. 1995, 1996a).)

The features of the fracture zone that have been assumed in the EIS case study represent a major
fracture zone approximately 20 m in width and several square kilometres in planar area. It is
extremely likely that such a fracture zone would be recognizable from a combination of surface
and airborne investigations, and from borehole drilling, testing, sampling and monitoring. Thus it
is credible to assume that the vault location could be selected to be on one side or the other of the
fracture zone.

One of the reasons for the improvement in performance when the portion of the vault to the right
of the fracture zone is removed is that we assumed the waste containers were placed in boreholes
in the floors of the disposal rooms. The tunnels above the boreholes were assumed to be sealed
with backfill materials. Thus for disposal rooms located to the left (and, hence, below) the
fracture zone (Figure lb), contaminants would be expected to pass through the backfill material
before entering the rock, and the backfill has a significant delaying and attenuating effect on the
contaminants, in particular, on I29I and "Tc. On the other hand, for disposal rooms located to the
right (and, hence, above) the fracture zone (Figure 1 c), contaminants would be expected to enter
the rock without passing through the backfill material and, hence the dilution and attenuation
provided by the backfill would be absent. The importance of the backfill material is discussed in
more detail in Section 3.2.

Such studies indicate that, if due attention is not paid to the location of the disposal facility with
regard to local groundwater transport conditions and if the engineered barriers are not chosen
appropriately, taking into account the hydrogeological setting, the performance of the disposal
system may be compromised and, in the extreme, it may not meet safety criteria. Conversely, if
the engineered barriers are designed to accommodate the site-specific characteristics and if the
vault location is chosen to take advantage of the hydrogeological setting, safety criteria can be
met with wide margins.

3.2 IMPACT OF BARRIER FAILURE

Most analyses have been conducted with all the waste containers located in emplacement areas to
the left of the major fracture zone. As stated above, this represents a simple example of locating
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the disposal facility to take advantage, at least to a certain extent, of the local hydrogeological
conditions to enhance the performance of the system. With this setting, the shortest pathway
from the emplaced waste containers is through the buffer and backfill into the rock, and then
through the rock, via diffusion, into the fracture zone and then by advection to the surface. This
is the pathway that has formed the basis of the analysis conducted using the SYVAC performance
assessment code. (The analysis assumes that the excavation damage zone (EDZ) surrounding the
waste emplacement rooms does not provide an important pathway from the vault to the fracture
zone. This assumption is discussed below.) The results of these analyses show that the dose
estimates are well below that corresponding to the AECB risk criteria. They also indicate that the
risk is largely due to a few contaminants, principally I29I, and to a lesser extent, I4C and 36CI.

By examining the results in detail, the attenuation caused by each of the barriers can be estimated.
This is illustrated in Table 1 for a representative set of radionuclides including 1291,14C and

MC1, where for the so-called median-value simulation, the integrated fractions released are listed.
The integrated fraction released is expressed as the fraction of the input to each barrier that is
released from that barrier over a period of 100 000 a, assuming a unit mass of the radionuclide is
injected at time 0 into the barrier. In Table 1, the values shown for the net fractions released were
calculated by taking the product of the fractions released from each of the individual barriers.
Thus the value shown for the net fraction released overestimates the actual mass of material that
would be released from the sequential combination of barriers, because taking the product is
equivalent to assuming that the total material that exits one barrier over a period of 100 000 a is
input to the subsequent barrier at time 0. Thus the effects of distributing the transfer of
contaminants from one barrier to the next over a period of time, and the accumulated delays from
the barriers, are ignored.

As can be seen, the attenuation provided by the lower rock zone (Figure 1) indicates that the low-
permeability sparsely fractured rock between the waste emplacement areas and the nearby major
fracture zone represents an effective barrier for all radionuclides. (The result for the lower rock
zone applies to the 50 m of rock in the "waste exclusion distance," shown in Figure lb.)

Also shown in Table 1 is the maximum dose rate to a member of the target group calculated from
the median-value simulation, over a period of 100 000 a. A sense of the relative importance of
the different barriers and of the degree of redundancy provided by these barriers and, hence, of the
impact of a failure of a given barrier to perform as expected, can be estimated by assuming that
the barrier does not attenuate the contaminant in question, that is, by assuming that the fraction
released from the barrier in question is equal to 1. (In performing such a comparison it is
important to utilize maximum dose rates over a period of 100 000 a and integrated release
fractions calculated for the same period, i.e., 100 000 a.) Thus for example the impact of ignoring
completely the attenuation provided by the lower rock zone is shown in Table 2 and that of
ignoring the backfill is shown in Table 3. In both cases it can be seen that, for most of the
radionuclides, the effect of eliminating one or the other of the barriers does not lead to a dose rate
estimate in excess of the dose rate associated with the AECB risk criteria (5 x 10'5 Sv/a).



- 7 -

As well, the impact of improvements in barrier performance can be examined to indicate, for a
given radionuclide, which barriers offer significant potential for enhancing the performance of the
system. Thus, for example, a first approximation of the improvement to be obtained from
adopting a long-lived container material, such as copper, can be estimated. In this case, if one
were to consider only manufacturing defects as a source of container failure, and if a
manufacturing defect rate of 1 in 5000 is assumed, the impact can be approximated by using a
value of the fraction released for a container of 2 x 10"4 (Table 4). Great care must be taken in
proceeding in this manner since the complete failure of a given barrier to perform as expected
would, in most cases, require a fundamental re-examination of the models used to describe the
system. Nonetheless, potential trends and redundancies can be identified.

A more comprehensive analysis of the impact of variations in the width of the region of low-
permeability rock separating the waste emplacement areas from the major fracture zone (i.e., the
waste exclusion distance) is summarized in a recent report (Goodwin et al. 1995). The basic
conclusion is that even a few metres of low-permeability sparsely fractured rock separating the
disposal vault from a major fracture zone is a useful barrier to delay the arrival of the 129I
contaminant at ground surface.

In the postclosure analysis discussed in the EIS, the impact of locating the vault to the right of the
fracture zone was examined. As indicated above, this has the effect of removing the backfill as a
barrier for waste containers emplaced in boreholes to the right of the fracture zone. From Table 3
it might be expected that the effect of this would be to increase the annual dose estimate from
I29I, over a period of 100 000 a by about a factor of 10. The more complete analysis performed
using SYVAC in its probabilistic mode indicates an increase in the maximum annual dose estimate
over the 100 000-a time frame by about a factor of 22 (Goodwin et al. 1994). Thus the results of
more comprehensive modelling confirm the general trends that can be inferred from examining the
data on release fractions presented in Table 1. Again, it is emphasized that such simplistic
analyses may not be meaningful in all circumstances and that any conclusions need to be verified
by more comprehensive assessments.

In general, the results of the postclosure assessment case study show that only a few
contaminants, namely I29I, C\, I4C and to a lesser extent "Tc, are of potential concern. These
contaminants have relatively long half-lives; they are present in the free volume of the fuel element
in significant amounts; that is, the instant-release fraction is significant; and iodine, carbon and
chlorine are only weakly sorbed by the buffer, backfill, rock and fracture filling minerals.
(Although "Tc is strongly sorbed in the backfill, in the probabilistic analysis, the sorption
properties of the rock span a wide range for "Tc, from strongly to weakly sorbing.) For all other
contaminants, failure of one or more of the engineered barriers (the stable waste form, the
container, the buffer material, and the backfill) to perform as expected, or of the barrier presented
by the low-permeability sparsely fractured rock between the vault and the nearby major fracture
zone, would not result in contaminants reaching the surface in quantities that would approach the
AECB limit.
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3.3 THE IMPACT OF DESIGN CHANGES

It is obvious that enhanced performance could be achieved, for the particular geological setting
used in the case study, by several means, such as adopting a longer lasting disposal container
material such as copper (Table 4) or by adopting in-room emplacement to ensure that backfill
material is in the pathway between the container and the fracture zone.

Scoping analyses have been performed to examine the benefit to be obtained from modifying the
design choices such as adopting long-lived containers (Goodwin et al. 1996a, Amiro and Dormuth
1996). The mean lifetime of the titanium containers, as modelled in the case study discussed in
the EIS, is about 2000 a. As would be expected, a major reduction (2 to 3 orders of magnitude in
the case of I29I) in calculated doses results from the use of copper or other long-lived container
materials such as Grade-12 or Grade* 16 titanium. (This would be expected from a comparison of
Tables 1 and 4.) Thus using a long-lived container could compensate for a situation where
containers were placed in a configuration where the effectiveness of the backfill could not be
guaranteed. As well, in the case study, the container is assumed to have failed completely once it
is breached; that is, the container subsequently provides no resistance to mass transport. In reality
a container is likely to fail in localized regions so that even though the container is breached,
allowing groundwater to infiltrate and come into contact with the fuel, the container itself would
still represent a barrier to mass transfer of contaminants. In other words, a more realistic
representation of a container failure would be obtained by modelling transport from the container
assuming transport through a small pinhole-sized defect rather than modelling the transport as if
the container represented no resistance to transport. (See, for example, Amiro and Dormuth
(1996), who have conducted a study for 129I that ignores the geosphere and buffer and backfill
materials entirely and have shown that the safety criteria can be met provided only a few container
failures occur.)

A scoping analysis has also been performed with waste located in disposal rooms to the right of
the fracture zone (Figure lc), comparing the effect of excluding and including the backfill material
in the pathway between the waste container and the nearby fracture zone (Goodwin et al. 1996b).
Adopting the in-room emplacement option would ensure that backfill would be included in the
pathway. The comparative study shows that including the backfill reduces the estimated dose
from i2H by about a factor of 30 at 10 000 a and by a factor of about 3 to 5 at 100 000 a. This is
as would be expected from Table 1. Including backfill material in the pathway for containers
located in disposal rooms to the right of the fracture zone results in a dramatic reduction in the
estimated doses from "Tc, since this radionuclide is strongly sorted by the backfill material
(Table 1).

Thus based on the results of the case study presented in the EIS and ancillary studies, together
with a general understanding of the flexibility and choices embodied within the concept, AECL
concludes that, even with a vault located in close proximity to a major pathway from the vault
horizon to the surface, the AECB risk criterion can be met. Moreover, there are a variety of
choices for enhancing confidence in the safety of a disposal system. These include using
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knowledge of the hydrogeological setting to select a vault location that maximizes the
groundwater transport time for contaminants, using regions of low-permeability rock as a barrier,
using in-room emplacement to enhance the effectiveness of the backfill and using long-lived
containers to enhance containment.

3.4 EFFECT OF AN EXCAVATION DAMAGE ZONE

Concern has been raised by some reviewers of the EIS that an EDZ surrounding the waste
emplacement areas of a disposal vault could provide a pathway for contaminants to bypass one of
the engineered barriers or to short circuit the barrier of low-permeability rock provided by the
geosphere. The analysis, discussed above, of the impact of failure of a given barrier addresses this
concern in part. Extensive study of the processes involved in progressive failure and development
of an EDZ in brittle crystalline rock has been conducted as part of AECL's program (Martin 1995,
Martin and Chandler 1994). Based on findings from the Mine-By Experiment at the URL (Read
and Martin 1996, and Martin and Read 1996), the EDZ is not expected to extend significantly
(less than a few metres) beyond the periphery of individual rooms in the disposal vault, or the
outer boundary of the waste emplacement areas of the vault (Martin et al. 1994, Read 1994,
Johnson et al. 1994, Ortlepp 1992). Although the permeability of any EDZ is expected to be
considerably higher than that of undisturbed rock, the water in the EDZ, and dissolved
contaminants, would not be expected to move by advection unless the damage zone is connected
to a nearby fracture zone. The use of bulkheads keyed into the rock at strategic locations along
the rooms could interrupt any connected permeability that might exist (Martin and Kaiser 1996),
but credit for the effectiveness of such measures may not be a significant element in a safety
analysis, (e.g., For the case study presented in the EIS, the effect of an EDZ was assessed (see
pages 156-167 of Davison et al. 1994) without credit for the effectiveness of such bulkheads).
Given the orientation of the fracture zone relative to the vault (Figure lb), contaminants that
might diffuse along an EDZ in the direction of the fracture zone would encounter a zone of low
permeability rock that would act as an effective barrier to mass transfer from the EDZ into the
fracture zone. Further, because of the much greater porosity of the backfill compared with that of
the sparsely fractured rock, contaminants in the EDZ would preferentially diffuse into the backfill
rather than into the zone of sparsely fractured rock, thus limiting the importance of the EDZ.

3.5 EFFECT OF OTHER FRACTURES

In the scoping analyses referred to above, it is clear that several metres of low-permeability
sparsely fractured rock separating a waste emplacement area of the vault from a nearby fracture
zone is an effective barrier to the movement of contaminants. Thus for a vault located in low-
permeability sparsely fractured rock, the impact of fractures can be inferred from the results of the
case study. To a first approximation only the waste containers that are within a few tens of
metres of a fracture zone will be important to the contaminant concentrations in the water within
the fracture zone.
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4. CONCLUSIONS

Although the case study has utilized a specific geological model, the results of the study together
with the results from ancillary studies based on the same geosphere model can be used to derive
rather broad conclusions. These are the following:

1. Domains of low-permeability sparsely fractured rock, of the type found at depth at a
number of the research areas that AECL has studied, represent a very effective
containment barrier to the movement of contaminants from a disposal vault. For a vault
located in low-permeability sparsely fractured rock, the impact of major fracture zones can
be inferred from the results of the case study presented in the EIS and discussed above.
To a first approximation, only the waste containers that are within a few tens of metres of
a fracture zone will be important to the contaminant concentrations in the water within a
nearby fracture zone.

2. In the absence of such domains of low-permeability rock, adequate performance can be
obtained with suitable choices of materials and designs for the engineered barriers,
although it cannot be claimed that engineered barriers can be used to compensate for all
site conditions. To be able to defend a given disposal system as robust (i.e., the expected
performance will meet safety criteria by a wide margin with little uncertainty that safety
criteria would not be met), a disposal facility cannot be located arbitrarily. Knowledge of
the groundwater flow conditions should be used to select the location of disposal rooms of
the vault to enhance the retention of contaminants by the geosphere. Groundwater
geochemistry, not discussed in the present paper, is, for example, an important site
property, since it may affect the stability of the waste form, among other things.

3. For most radionuclides several of the barriers are effective, so that the failure of one
barrier would not lead to concentrations of radionuclides in the biosphere such that the
AECB risk limit would be exceeded. Since, however, the performance of the various
barriers are coupled to some degree, the barriers are not independent and diverse in the
same way that the shutdown systems used in a reactor safety system are independent and
diverse.

4. If a disposal vault is poorly located with regard to both local and large-scale groundwater
flow conditions and if the engineered barriers and vault layout are not properly designed
for these conditions, the AECB risk criterion may not be met. For a given set of site
characteristics the performance of the disposal system will depend on the design of the
vault and different choices of design options can have a significant impact on overall
system performance.

5. Iodine-129,36C1 and UC represent the most significant challenge to long-term safety
because they are long lived and, thus, will not decay to insignificant levels prior to failure
of the waste container; because they are present in the free volume of the fuel element in
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significant quantities; and because they are relatively mobile in the buffer, backfill and rock
minerals. Nevertheless, the estimated dose rates that would be expected from a soundly
designed disposal facility are well below the AECB limit.
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Figure 1

Cross sections showing the location of the vault relative to fracture zone LDl. Part (a) shows the
general geological setting, with a series of vertical (VO to V2) and low-dipping (LDO to LD3)
fracture zones. Part (b) is an enlargement near the vault horizon in the vicinity of LDl, showing
the 50-m waste exclusion distance. Parts (a) and (b) apply to the reference disposal system
evaluated in the EIS. Part (c) shows a situation where additional disposal rooms are located
above LDl, with the same waste exclusion distance.



Table 1
Fractional Releases from Barriers to 10 s Years (Median-Value Simulation)

Nuclide

1 2 9 I

MC

"Tc
3 6 C1

8 1 Kr

208 B |

187Re

Total fraction released from

Lower Rock
Exd. Zone

5 x КГ2

7 x 10s

1 x 1СГ3

5 x 10"2

4 x l O 2

5 x 1(Г2

2xlO" 3

7 x l ( T 1 6

<9xlO* 3 8

Waste
Matrix

6 x 10 2

6 x 10"2

6 x 10"2

6 x 10'2

8 x 10 2

2xlO" 7

2 x 10-7

6xlO" 9

3 x КГ9

Backfill

1 x КГ1

8 x 10 3

6 x 10 8

1 x 10 1

8 x 10-2

4 x l O 3

8x10-"

8 x 10"8

9X10-9

Buffer

1x10°

1x10°

1 x 103

1x10°

4 x 10"1

6xlO' 3

1 x 10-3

1 x 10"3

1 x 10*1

AU Other
Barriers

~1 x 10°

~2 x 10"1

~4 x 10"3

~1 x 10°

~1 x 10°

-1 x 10°

~1 x 10°

~1 x 10°

1 x 1CT2S

Net
Fraction
Released

3x10"*

7x10*

1 x 10-17

3 x l O 4

lx lO- 4

2xlO"1 3

3 x 10-20

3 x КГ34

<io- 3 8

Dose Rate
(Sv/a)

4 x 10'7

4 x 1 0 "

2X10-28

3 x l O 4

I x 10-21

3 x 10-24

<1O'38

< 1 0 3 8

< 1 0 3 8

ON

I

Data are reported as calculated using a computer whose smallest positive number is about 9 x 10'38. We include all values for
completeness and recognize that some small numbers are not physically meaningful.



Table 2
Fractional Releases from Barriers to 10s Years (Median Value Simulation) Assuming Lower Rock Zone

Provides No Attenuation

Nuclide

129j

M c
"Tc
36C ,

*'Kr
M*Bi

'*7Re

'"Np
a 9 Pu

Total fraction released from

Lower Rock
Excl. Zone

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

Waste
Matrix

6xlO' 2

6 x 10'2

6xlO'2

6 x 10'2

8 x 10'2

2 x 10"'

2 x 10''

6 x 10'9

3 x 10"9

Backfill

1 x 10"'

8 x 10"'

6xlO"*

1 x 10''

8 x 10'2

4x10"'

8 x 10'*

8x10"*

9 x 10"9

Buffer

1x10°

1x10°

1 x 10"'

1x10°

4x10''

6x10"'

1 x 10"'

1 x 10'

1 x 10"'

AH Other
Barriers

~1 x 10°

~2 x 10"'

~4 x 10"'

~1 x 10°

~1 x 10°

~1 x 10°

~1 x 10°

~1 x 10°

1 x 10-25

Net
Fraction
Released

6 x 10'

lxlO"4

1 x 10'4

6 x 10'

3 x 10'

4 x 10-'2

2 x 10-"

4xlO"'9

<io-'*

Dose Rate
(Sv/a)

8X10-6

6 x 1 0 '

2 x 10"25

6 x 10"'

3 x 10"20

6 x 10'23

<5 x lO'36

<io-23

<io-'*

Data are reported as calculated using a computer whose smallest positive number is about 9 x 10"'*. We include all values for
completeness and recognize that some small numbers are not physically meaningful.



Table 3
Fractional Releases from Barriers to 10s Years (Median-Value Simulation)

Assuming the Backfill Provides no Attenuation

Nuclide

l29I
14C

"Tc

'6C1
81Kr
208Bi

187Re

* 7 N p

"hi

Total fraction released from

Lower Rock
Excl. Zone

5 x 102

7x l0 ' 5

1 x 10'

5 x 10'2

4 x 10'2

5 x 10'2

2 x 10"'

7 x 10'"

<9 x 10"'8

Waste
Matrix

6xlO-2

6 x 10'2

6 x 10'2

6xlO'2

8 x 10'2

2 x 10'7

2 x 10'7

6X10-9

3X10-9

Backfill

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

Buffer

1x10"

1x10"

1 x 10'

1x10"

4x10"'

6 x 10'

1 x 10"'

1 x 10''

1 x 10''

All Other
Barriers

~1 x 10°

~2 x 10'1

-4 x 10"'

~1 x 10"

~1 x 10°

-1 x 10°

~1 x 10°

~1 x 10"

1 x 10'25

Net
Fraction
Released

3 x 10"3

9 x 10'7

2 x 10''"

3 x 10'3

1 x 10'3

5 x 10'"

4 x 10'"

4 x 10'27

<io-'«

Dose Rate
(Sv/a)

4x10"*

SxlO"9

3 x 10'2'

3 x 10'7

1 x 10'20

8 x 10'22

<10'"

<10'31

<1O'38

Data are reported as calculated using a computer whose smallest positive number is about 9 x 1O"38. We include all values for
completeness and recognize that some small numbers are not physically meaningful.
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Table 4
Fractional Releases from Barriers to 10s Years (Median-Value Simulation)

Assuming that 1 in 5000 Containers Fail

Nuclide

129j

I4C

"Tc
3 6C1

8 1 Kr

208Bj

I 8 7Re

e 7 N p

M 9Pu

Total fraction released from

Lower Rock
Excl. Zone

5 x 1 0 2

7 x 10'3

1 x 10 3

5 x Ш2

4xlO" 2

5 x 1 0 2

2 x 10'3

7 x l O ' 1 6

<9 x 10'38

Waste
Matrix

6 x 10"2

6 x 10"2

6 x 10"2

6 x 10"2

8xlO" 2

2 x 10*7

2 x 10'7

6 x l O ' 9

3 x W9

Backfill

1 x 10 1

8 x 10"3

6x10-*

1 x 10"1

8 x 10'2

4 x 10'3

8 x 1(Г8

8 x 10"8

9 x 1 0 9

Buffer

1x10°

1x10°

1 x 10"3

1x10°

4 x 10'1

6 x l O ' 3

1 x КГ5

1 x 10"3

1 x 10"1

Container

2х1(Г*

2X10-4

2X10-4

2x10^

2X10- 4

2Х1СГ4

2x10^

2X10"4

2X10-4

AU
Other

Barriers

~1 x 10°

~2 x 101

~4 x 10"3

~1 x 10°

~1 x 10°

- 1 x 10°

~1 x 10°

- 1 x 10°

1 x IQ'25

Net
Fraction
Released

б х К Г 8

1 x КГ12

2 x 1 0 2 1

6 x 1(Г8

2х1СГ8

4 x 1(Г17

6xlO" 2 4

6xlO- 3 8

<io- 3 8

Dose
Rate

(Sv/a)

8 x 10"11

8 x 10-"

4 x l ( T 3 2

6xlO- 1 2

2 x 10"25

6xlO" 2 8

<10"38

<10'3 8

<io- 3 8

Data are reported as calculated using a computer whose smallest positive number is about 9 x 10'38. We include all values for
completeness and recognize that some small numbers are not physically meaningful.
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