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par
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RÉSUMÉ

En 1992, EACL Recherche a réuni un groupe d'experts en hydrogéologie provenant de
l'extérieur. Ce groupe, constitué de P.A. Domenico, G.E. Grisak et F.W. Schwartz, aurait
pour mandat d'examiner la méthode envisagée par EACL quant à la sélection du site d'un
dépôt géologique dans la roche du Bouclier canadien en vue d'y stocker en toute sécurité des
déchets de combustible nucléaire du Canada. Le groupe d'experts devait tout particulièrement
donner son opinion sur 1) le bien-fondé de la méthode technique mise au point pour
caractériser les régimes d'écoulement d'eau souterraine dans le but de retenir un emplacement
pour une enceinte de stockage permanent, 2) la validité et l'efficacité de l'étude de cas
géologique utilisée pour démontrer la méthodologie d'évaluation du comportement, fondée sur
les conditions hydrologiques observées à l'Aire de recherches de Whiteshell, et 3) la
pertinence des informations hydrogéologiques qu'EACL se propose d'utiliser dans son Étude
d'impact environnemental (EIE) du concept de stockage permanent.

Ce rapport présente les résultats, les conclusions et les recommandations du groupe d'experts
en hydrogéologie. Le rapport a été remis à EACL Recherche en décembre 1992.
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EXPERT PANEL ON HYDROGEOLOGY

REPORT TO AECL RESEARCH (1992)

by

P.A. Domenico, G.E. Grisak and F.W. Schwartz

ABSTRACT

In 1992 AECL Research convened a panel of external hydrogeological experts consisting of
P.A. Domenico, G.E. Grisak and F.W. Schwartz to review AEÇL's proposed approach to
siting a geological repository in the rocks of the Canadian Shield for the safe disposal of
Canada's nuclear fuel wastes. In particular the panel was asked to provide its opinion on
1) the soundness of the technical approach developed to characterize the groundwater flow
systems for the purpose of selecting a location for a disposal vault, 2) the validity and
effectiveness of the geological case study used to demonstrate the performance assessment
methodology based on the hydrogeological conditions observed at the Whiteshell Research
Area, and 3) the adequacy of the hydrogeological information that AECL proposes to use in
its Environmental Impact Statement (EIS) of the disposal concept.

This report present the findings, conclusions and recommendations of the hydrogeology
review panel. The report was submitted to AECL Research in 1992 December.
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1. INTRODUCTION

In August 1992, Atomic Energy of Canada Limited (AECL) convened a panel consisting of
P.A. Domenico, G.E. Grisak, and F.W. Schwartz. The mandate of the panel was to review
AECL's approach to siting a geological repository for the safe disposal of nuclear-fuel wastes.
In particular, the panel was asked to provide its opinion on (1) the soundness of the technical
approach, (2) the validity and effectiveness of the case study based on the Whiteshell
Research Area, and (3) the adequacy of information that will ultimately form the basis for the
environmental impact study.

The review began with the panel being briefed over a two-day period in Pinawa by key
AECL staff who outlined the siting approach and discussed the available information. The
briefing included a tour of the Underground Research Laboratory (URL), and various surface
facilities. In addition, panel members received numerous reports and published papers
summarizing the extensive work to date at Whiteshell and the other research areas.

This report is divided into four main chapters. In Chapter 2, the panel describes the AECL
concept for the safe disposal of nuclear fuel waste, and discusses the critical assumptions
upon which the disposal concept is founded. Chapter 3 examines the extent to which
technologies exist to make the key measurements, and whether the information and modelling
base validates the modelling concept. In Chapter 4, the report presents the panel's detailed
response to the original terms of reference, along with conclusions.

2. AECL CONCEPT FOR DISPOSAL

The AECL concept for the disposal of nuclear fuel wastes involves the use of both engineered
and natural barrier systems for the isolation of radionuclides in a geologic vault (Whitaker,
1987). Our interest in this report focuses on the natural barrier system and the geologic and
hydrogeologic setting that serves to confine wastes to the immediate vicinity of the vault.

Based on studies to date, AECL expects to find favourable geologic and hydrogeologic
conditions in plutonic rocks of the Canadian Shield at depths ranging from 500 m to 1000 m
(Whitaker, 1987). As Dormuth et al., (1989) explain, the choice of plutonic rocks as a
disposal medium considered not only the technical issues, but also the need to select a
medium that allowed the greatest scope in accounting for social, political, and economic
factors during siting. These latter issues account for the fact that the province of Ontario is
the principal region in Canada for the development of nuclear power, and that in all
likelihood the first disposal vault would be located in Ontario (Dormuth et al., 1989).

Because of the potential for fractures in plutonic rocks to provide pathways for ground-water
flow and contaminant transport, in the opinion of the panel the disposal concept relies on the
existence of relatively large volumes of structurally stable and essentially unfractured rock
with a low permeability and porosity. To a lesser extent, other features of the hydrogeologic
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setting, such as the potential for various surface and rock-contaminant interactions to attenuate
further the potential for contaminant migration, are also important. In order to exploit these
hydrogeological settings, the AECL disposal concept is founded on a significant capability to
make measurements in fractured and unfractured rocks, and to undertake model predictions of
the system's performance.

2.1 CRITICAL ASSUMPTIONS IN THE DISPOSAL CONCEPT

Judging whether this approach to waste disposal is sound requires the panel to identify and to
evaluate the elements critical to making the concept work. In our opinion, there are five key
assumptions to be validated.

1. AECL possesses the technologies for geologic, hydrogeologic and geophysical
assessments that can convincingly demonstrate the character of a given site, and for
monitoring of the vault during the operational period.

2. Technologies for mapping fractures or fracture zones on the surface and in the
subsurface can be relied on to steer the disposal vault away from poorly performing
zones.

3. Plutonic rocks are sufficiently abundant and broadly possess the requisite
hydrogeologic characteristics (e.g., low porosity and permeability), and long-term
structural stability.

4. AECL is able to predict the behaviour of the geologic, hydrogeologic and disposal
systems with models to the extent required to demonstrate regulatory compliance.

5. The elements of the natural barrier system contained in the disposal concept are
sufficient; in other words, no other geological or hydrogeological constraints need be
applied to assure the validity of the concept.

3. VALIDITY OF THE DISPOSAL CONCEPT

For more than a decade, AECL has conducted an interrelated program of field, laboratory,
and theoretical investigations to assess the concept of nuclear fuel disposal in plutonic rocks.
The information collected from this research and development effort provides the basis for
our analysis of the disposal concept. Logically, the starting point in an assessment of the key
assumptions related to the disposal concept is with the technologies, as represented by
assumptions (1) and (2) above. It would be impossible to demonstrate the ability of plutonic
rocks to confine waste in the absence of appropriate technologies for characterizing the
geologic and hydrogeologic settings in these rocks at a variety of different scales. Thus, the
next section presents the panel's view of the status of critical investigative technologies
required to support AECL.
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3.1 RESEARCH AND DEVELOPMENT CONTRIBUTIONS

3.1.1 Research Areas

A key strategy in the research and development plan is to test technologies and methodologies
in the field under a variety of different geologic and hydrogeologic conditions. This need to
demonstrate investigative capabilities was one of the major reasons why AECL has
established research areas. As Table 1 suggests, besides serving as a field laboratory for
methodology development, studies in the research areas have been instrumental in shaping
AECL's concepts of the hydrogeology in plutonic rocks.

One feature that Table 1 does not reflect is the relative extent of efforts that were undertaken
in the five research areas. Efforts at the Whiteshell Research Area have far exceeded those in
the other areas. For the most part, this emphasis reflects the significant opportunity for
research provided by the construction and operation of the URL. Vertical shafts and drifts at
depths of approximately 240 meters and 440 meters in the Lac du Bonnet granite batholith
provide a unique opportunity to study geologic, hydrogeologic, and engineering systems under
conditions reflective of actual vault conditions.

3.1.2 Status of Critical Technologies

A major focus of studies at AECL has been the development of technologies that are required
to validate fundamental assumptions upon which the disposal concept is based. Part of the
panel's mandate has been to examine these technologies and to examine their status and
reliability. Given the array of technologies to be considered, we first present a tabular
summary of our assessment (Table 2), which is followed by a more detailed discussion of the
most important items on the list. The table is organized according to the scale of
investigation, considering first geologic and hydrogeologic assessments at a regional scale,
and finally experiments at the facility scale.

Generally, the technologies required for regional scale assessments employ the same
hydrogeologic and geologic techniques that have been used for decades in water resource and
other hydrogeologic investigations. There are minor modifications in methodologies to
account for the unique problems presented by plutonic rocks. However, by and large, the
approaches should be adequate for regional screening purposes. The situation is considerably
different at the local and facility scales where a very significant research and development
effort was required to provide appropriate investigative tools.

Key to the AECL concept for waste disposal is the existence of relatively large volumes of
unfractured, low permeability, plutonic rocks. It follows then that the concept requires the
ability to identify these hydrogeologic environments, and document their favourable properties
in a convincing manner. Operationally, the AECL strategy follows a hierarchical approach to
identify rocks with the appropriate qualities, which begins at the regional scale and proceeds
to the local and finally the facility scales.
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At the regional scale, the various geologic and geophysical tools for mapping fault-defined
and fracture-defined lineaments are capable of identifying local areas for more detailed study
that are relatively less disturbed by major fracture zones than other areas.

Moving to the local scale, the capability exists to map the occurrence of fracture zones and
individual fractures from cores and geophysical logs, and to establish the hydraulic properties
and continuity of the fractures and fracture zones with several of the hydraulic test procedures
discussed in Table 2. Studies at the URL effectively demonstrate AECL's ability to map
hydraulically significant fractures and fracture zones to the extent necessary to exploit zones
where the rock is unfractured. For example, the URL facility was developed to enable the
study of major fracture zones (Figure 1) that were known to exist before construction began.
The panel thinks that knowledge in this respect was adequate not only to assure that the
important scientific experiments could be conducted at the URL, but also that the facility
itself could be constructed and operated.

Within a facility, in the opinion of the panel the disposal concept requires that containers
would be located in rocks containing no hydraulically active fractures. This requires a
technology that can map virtually every fracture that exists at a facility scale. In sparsely
fractured environments (e.g., at depth in the URL), AECL is proposing that the combination
of borehole coring and hydraulic testing from the surface and from within the facility, and
radar technologies (Holloway and Mugford, 1990; Holloway, 1992) will be sufficient for this
purpose. In essence, the radar could be used to screen volumes of rock between boreholes for
fractures. Various studies at the URL indicate that radar has the ability to penetrate 20 to 30
m into the rock, and that the only reflectors that are detected are either boreholes or fractures
(Holloway and Mugford, 1992). While more testing of the radar is required to build
confidence about the overall predictability, the potential of the approach has been
demonstrated.

Implicitly, the panel needs to be convinced that measurement techniques not only are
appropriate for measuring the permeability of fractures and fracture zones, but also the intact
rock. We note that (1) the packer testing methods used here have proven suitable in other
studies, (2) the results are consistent among independent techniques, and (3) measurements in
the range of 10"18 to 10'2l)m2 are comparable to measurements from the WIPP site or other
low-permeability environments, such as the crystalline and sedimentary programs in
Switzerland. The panel believes that the hydrogeologic measurement techniques and
interpretations are consistent with other state-of-the-art programs in the world and that these
techniques are appropriate and adequate for characterization purposes.

A complete documentation of the hydrogeologic environment requires an ability to collect and
make measurements on cores, to measure permeabilities and hydraulic heads, and collect
water samples in very deep and relatively small diameter boreholes, and to measure the
transport properties of various kinds. Technologies appear to be well advanced in this
respect, in terms of both conventional borehole piezometers and multilevel piezometers
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(Davison, 1984), and have been tested extensively in the detailed assessments relating to
fractures and fracture zones at the URL (Davison and Kozak, 1988; Gascoyne et al., 1987;
Gascoyne, 1989).

Capabilities to make measurements in unfractured rocks appear not to be developed to the
same extent. For example, measurements of hydraulic head in extremely low permeability
rocks may be questionable. However, the panel does recognize that these kinds of
measurements are far beyond the state of science generally with respect to deep borehole
testing. In terms of permeability measurements, AECL has made tremendous progress to
reduce dramatically the lower limits of in situ hydrogeological measurements so as to achieve
in situ permeability measurements as low as 10'21 to 10"22m2 (Davison, 1992) in intact rock
with demonstrated repeatability. Along with increasing the lower limits of measurement
capabilities has come an increased sensitivity and accuracy of the overall approach to
measurement of hydrogeological parameters. As the lower limit of permeability
measurements has been extended and the measurement accuracy and sensitivity has increased,
it follows that the predicted system responses should be more accurate and the degree of
confidence in those predictions should be higher.

In terms of measurements related to the testing of an underground facility, the technologies
available for testing are extensively developed (Table 2). About the only area where the
panel might recommend additional work is in the in situ measurement of diffusion
coefficients. However, while important, these measurements are no) critical to the disposal
concept.

3.2 ABUNDANCE AND CHARACTER OF PLUTONIC ROCKS

There is no question that plutonic rocks are abundant in the Canadian Shield. According to
(Dormuth et al., 1989), plutonic rocks are exposed in parts of five provinces and the
Northwest Territories. In Ontario alone, the Canadian Shield occupies approximately 600,000
km2, and more than 1300 individual plutons have been identified. Of these plutons,
approximately 75% are granitic, 15% are gabbroic, and the remainder are alkalic or
anorthositic (McCrank et al., 1981). This inventory of plutonic rocks helped with the
selection of a few plutons for detailed study (Whitaker, 1987).

Having reviewed this information, the panel is convinced that plutonic rocks, which are key
to the AECL disposal concept, are present in abundance in Ontario and elsewhere in the
Canadian Shield. The panel agrees with (Dormuth et al., 1989) that the siting process should
not be constrained by technical issues, given the large number and geographic diversity of
potential sites.
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3.2.1 Hydrogeologic Characteristics of Plutonic Rock Terrains

In this section, we consider the hydrogeological information particularly as it relates to the
questions of (1) whether large volumes of rocks with low porosity and permeability can be
expected in plutonic rock settings, (2) whether regional topographic gradients or other driving
forces for flow are small, and (3) whether geochemical processes operating in plutonic rocks
are sufficient to reduce the effective rate of spreading of many potential contaminants.

As Table 1 suggests, the study areas were selected to represent different geologic settings and
to serve various research and development functions. Thus, not all are appropriate to evaluate
the validity of hydrogeological assumptions upon which the disposal concept is based.
Nevertheless, they do provide a useful base of experience to indicate the range of
hydrogeological data that can be expected in a plutonic rock environment.

Here, we will examine results from Whiteshell and Atikokan Research Areas to illustrate the
panel's position on question (1) above. With the help of Figures 2, 3, and 4, which
summarize information on rock lithology and the fractures found in borehole WGl and WG2
from the Whiteshell Permit Area and borehole ATK-3 from the Atikokan Research Area, we
will discuss some general features of fracturing. At Atikokan and to a much lesser extent at
Whiteshell, the rocks contain a number of lithologie discontinuities or fractures which are
indicated on the figures as "Total Number of Fractures/m." Most of these fractures, however,
are old and are filled completely with secondary minerals. Thus, the number of fractures
capable of transmitting fluids is much smaller than the total number of fractures observed.
One can observe this by comparing the frequency of total fractures versus the frequency of
"Naturally Opened Fractures/m."

At Whiteshell, the frequency of open fractures declines with depth. Within the grey granite
below about 200 in depth, there are no open fractures (see Figure 2), although there are
widely spaced fracture zones. Observations made at the URL also point to the relative
sparsity of fracturing within the grey granite. At Atikokan, the pattern of fracturing is
somewhat different than Whiteshell. While the number of possible open fractures declines
with depth, the trend is much less obvious than at Whiteshell. Thus, in Figure 4, there are
indications of about a dozen possibly open fractures at depths greather than 200 m. However,
there are several zones of about 50 m in length that contain no open fractures (Figure 4).

The work at Whiteshell provides the clearest evidence that plutonic rock environments exist
in which conductive fractures are rare or absent. The question remains, however, as to what
the permeability actually is in unfractured rock or rock containing sealed fractures. A* depths
below 250 m, 25 of 32 permeability measurements are smaller than 5xlO'19m2. The maximum
measured value is 3.2x10'l7m2. These values measured in boreholes are comparable to other
test results from the URL. Even assuming relatively small effective porosities for these, it is
clear that the potential for significant advective transport is limited.
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The details of the chemical processes that could affect radionuclides were not examined
specifically as part of the panel's study. However, minerals within the fractures and the host
plutonic rock react with many of the radionuclides so as to further reduce their effective rate
of spreading (Dormuth et al., 1989).

3.3 PREDICTING SYSTEM RESPONSES

Inherent in a satisfactory demonstration of the disposal concept is the assumption that the
predicted system responses under both natural and disturbed conditions are sufficiently
accurate and representative for the purpose of achieving regulatory compliance. The accuracy
of the hydrogeological predictions depends on (1) conceptual models of the system which
adequately represent the geosphere, as well as the ground-water flow and contaminant
transport processes, (2) measurements of hydrogeological parameters or processes which are
accurate and representative, and (3) predictive quantitative models that accurately reflect the
hydrogeologic system and processes as well as the accuracy and sensitivity of the
measurements.

3.3.1 Validity of the Conceptual Models for Flow and Transport

The conceptual hydrogeologic model proposed by AECL for ground-water flow systems in
plutonic rock environments can be described as gravity or topographically controlled flow
systems at local and regional scales, with higher permeability structural zones, embedded in a
lower permeability rock mass. The flow systems are further characterized by variable fluid
properties due to a large variability in ground-water chemistry. The results provided from
studies at the URL and Whiteshell Research Area in general have proven to be immensely
beneficial in validating this conceptual model. In particular, the work has shown how the
Lac du Bonnet Batholith at the URL site is characterized by three, major, low-dipping
fracture zones (Davison et al., 1990). Extensive monitoring and testing of these zones has
developed a coherent picture of (i) how the fracture zones serve as the major ground-water
flow paths through the rock (Davison et al., 1987), and (ii) the pattern of interconnection via
sparse subvertical fracture zones (Davison and Kozak, 1988). Detailed hydraulic testing of all
types has helped to arrive at a detailed interpretation of the permeability distribution within
the fracture zones (e.g., Fracture zone 2 at the URL). The results that illustrate an extremely
variable permeability distribution, and the potential for permeable zones to form channels
connected for up to one kilometer (Davison and Kozak, 1988) is in keeping with modern
theories of fractured rock hydrology. The testing has also demonstrated that the intact
granites do not play a major role in controlling the flow of ground water through plutons.

Thus, the panel concludes that the conceptual model for the hydraulic behaviour of fractured
rock systems is well developed and well founded scientifically. We recognize that while the
details of fracture zone geometry and fracture patterns may vary from region to region, the
overriding control of the fractures on ground-water flow is not likely to change.
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The conceptualization of how contaminants will be transported in fractured rock systems is
considerably more complicated. There are several important physical transport processes -
advection, dispersion, and diffusion - along with a multiplicity of transport processes. When
the vaults are located far from nearby fracture zones, and the intact rock mass permeability is
of the order of 10"l9to 10"2()m2, diffusion is the primary mechanism for contaminants to be
transported away from the site of emplacement (Chan, 1987). When the permeability of the
unfractured rock mass is of the order of 10'sm2 or greater, it appears that adjective transport in
the rock mass is dominant. Once waste reaches the nearest permeable fracture zone, transport
to potential receptors (e.g., a well) is relatively rapid because of the potential for much larger
ground-water flow velocities. The panel thinks that this conceptual model for contaminant
transport is logical, given the relatively low permeability of the intact granites and relatively
high permeability of the fracture zones. We appreciate, in addition, that the modelling
approach is inherently quite general and able to accommodate variations on this basic
conceptual model, such as a more significant advective flow component in the intact rock, or
lower permeability fracture conduits.

3.3.2 Quantification of Hvdrogeological Processes and Parameters

Confident predictions of overall system performance, and the validation of conceptual models,
depend to an important extent on reliable data. In Section 3.1, we examined in some detail
the array of technologies available to make measurements on the basis of hydrogeological
measurements. Our overall assessment indicated that significant capability exists to estimate
parameters for the "nonperforming" parts of the system - the relatively permeable fractures or
fracture zones, which are recognized as potential rapid transport pathways in the geosphere.
We also recognized that to predict system responses with confidence, the performing parts of
the system with respect to waste isolation and containment must be known and measured.
Here, the key variable is permeability which we determined could be characterized with
accuracy and precision. Hydraulic-head measurements are still somewhat uncertain in these
very low permeability environments. However, these are perhaps less critical then, for
example, permeability measurements.

In looking at some of the modelling work conducted to date (e.g., Chan, 1987), it is clear that
the basic conceptual model of the hydrologie system at the URL is supported by data.
Further, the data that exists appear capable of constraining the models for flow.

3.3.3 Capabilities for Predictive Modelling

AECL makes quantitative predictions of the hydrogeological system's performance using
primarily the three-dimensional finite element flow and transport model MOTIF (Chan, 1987;
Davison et al., 1987; Scheier et al., 1990; Chan et al., 1992), while the total system response
and dose calculations are conducted using SYVAC, Systems Variability Analysis Code (Chan,
1987). The MOTIF code is a recognized code with verification and validation performed
within the context of the international cooperative programs INTRAVAL and GEOVAL.
Sensitivity and uncertainty in the hydrogeologic system's performance are addressed
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probabilisticaily with the SYVAC code. Submodels within SYVAC represent the vault, the
geospherc and the biosphere. In particular, a one-dimensional transport model GEONET
calculates the contaminant mass flow as a function of particular flow paths, differences in
ground-water velocity, hydrodynamic dispersion, and retardation. As is the case with other
performance assessment codes, SYVAC works with a much less complicated (1-D network)
but realistic representation of the pathways available to transport mass from the vault to
human receptors. The form of the SYVAC geosphere model is determined in practice from
simulations with the MOTIF code (Chan, 1987).

Model studies in relation to the construction of the URL have played an important role in
demonstrating the AECL capability for predictive modelling. Davison (1986) describes a
study in which hydrogeological information, collected before the URL was constructed, was
used to predict the impact of shaft construction at the URL - before construction occurred,
measurements were made of water levels in the various fracture zones at the URL site and
infows to the shaft. A comparison of the predictions with the actual response showed that
drawdowns in the fracture zones were predicted well by the model of Guvanasen (1984). The
model overestimated the volume of inflow to the shaft by a factor of five, and failed to
anticipate some zones of inflow (Davison, 1986). While certain discrepancies existed, the
demonstration effectively established the validity of the conceptual model of the system and
provided considerable confidence in AECL's ability to model ground-water flow in a plutonic
rock setting.

In terms of the performance assessment code, SYVAC, one major concern is the extent to
which this relatively simplified systems code is able to represent the complexity of the real-
world. Analyses presented by Chan et al., 1991, compare results obtained from MOTIF with
a two-dimensional, "Whiteshell-style" geometry with those obtained using SYVAC. The mass
transport calculations compare well, given the very different way in which the two codes
represent the hydrogeologic system.

3.3.4 Climatic/Geologic Futures

Implicity, the AECL disposal concept requires that low permeability zones identified during
construction of the vault remain that way for the foreseeable future. It is for this reason that
the panel examined how the disposal system will likely respond to future geologic and
climatic changes. In this respect, some of the greatest impacts are likely to be felt from the
re-emergence of continental glaciation.

Detailed analysis of the fracture systems in the Atikokan Research area (Brown et al., 1982)
provide evidence that low permeability rocks found today will likely remain that way. The
existing fracture system at Atikokan is Archean in age, and formed shortly after the pluton
was emplaced. Subsequent tectonic processes (e.g., various orogenies, uplift, rifting, etc.)
apparently failed to produce pervasive, new, fracture systems. Historically, the main impact
of geologic processes has been to reactivate the Archean fracture system, essentially re-
opening previously sealed fractures (Brown et al., 1982).
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Where a particular set of fractures becomes reactivated depends upon what geological process
is operative. This fracture model also holds for the Whiteshell Research Area where the
fracture zones apparent at the URL are a set of very old and reactivated fractures.

The most likely future event in this region is renewed glaciation with associated loading and
rebound from the ice-sheet. Historical glaciations have apparently resulted in the reactivation
of relatively shallow fractures which is evidenced possibly by the occurrence of clay and
goethite in the fractures (Brown et al., 1982). At Atikokan, these zones of clay and goethite
precipitation in major fracture systems occur to depths of approximately I km, and in rocks
without major fracture systems this reactivation occurs to a maximum depth of about 300 m.
At the Whiteshell Research Area, there is some question about, what processes were
responsible for the reactivation of the fracture zones.

Shilts (1982) examined the question of erosion due to glaciation. He calculated that the
maximum amount of erosion per glaciation is expected to be less than 4 m, but suggests that
the amount could actually be much less (i.e., 20 m for the southern Canadian Shield over the
past one million years, which represents numerous glaciations). In either case, there appears
to be a relatively small probability that glacial erosion would be capable of impacting a
deeply buried disposal vault.

The panel believes that the models used by AECL and the AECL approach to modelling the
hydrogeologic system and to evaluating uncertainty provide an adequate predictive capability.
The limitations on the predictive capability rest more on the accuracy of the measurements at
the extreme low end of the permeability scale and the representativeness of the laboratory
measurements of diffusion coefficients. There is some evidence to suggest that if wastes are
placed in completely intact rock without sealed fractures that new fractures will probably not
develop. Stresses due to glaciation or other geological processes appear to impact already
existing fractures.

3.4 SUFFICIENCY OF THE DISPOSAL CONCEPT

The disposal concept as viewed by AECL is that elements of the natural barrier system are
sufficient for complete containment, i.e., no other geological or hydrological constraints need
be applied to assure the validity of the concept. This belief by AECL is based on more than
a decade of field, laboratory, and theoretical investigations at Whiteshell and.other locations
in Ontario. At Whiteshell alone, about 32 boreholes have ben drilled to depths exceeding
250 m and at least 14 of these extend to depths of 500 - 1000 m. Large volumes of sparsely
fractured rock of very low permeability have been observed at repository depths. Other data
from fracture logging, borehole geophysical surveys, hydraulic testing, piezometric pressure
monitoring, ground-water chemistry studies, and mapping of the underground excavations at
the URL all confirm this (Davison, 1992). On the other hand, AECL scientists recognize the
advantages of siting in regional recharge areas with their attendant long flow paths. However,
both theory and practice lead us to recognize that flow from regional systems may contribute
to flow in intermediate and even local systems, thereby shortening considerably the length of
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the predicted flow path. The point may be moot in that regional topographic gradients in the
shield are low, on the order of lm/km, an indication that natural driving forces for ground-
water flow deep in the rock may be low (Dormuth et al., 1989). These conditions are not
conducive to the development of very large regional ground-water flow systems. The spacing
and orientation of the major hydrogeological structures, their relationship to the local
topographic relief, and the relatively low permeability of intervening rock zones at depths
below 400-700 m cause smaller-scale flow systems rather than large regional flow systems.
Whatever their size, a knowledge of ground-water flow paths through the rock is of principal
interest in site characterization. The success of the disposal concept rests on the ability of the
AECL scientists to avoid major fracture flow systems, initially by exploration with a surface-
based drilling and exploration program and subsequently a subsurface probing and
confirmatory evaluation from the excavation vault.

The elements of the natural barrier system include minerals that react with many of the
radionuclides in nuclear fuel, greatly retarding their movement.

4. CONCLUSIONS

In order to validate the disposal concept from a hydrogeologic point of view, it must be
demonstrated (1) that AECL possesses the technologies to characterize adequately a given
site, (2) that the technologies can be relied upon to steer that vault away from poorly
performing zones - a characterization cornerstone if the disposal concept is to be considered
robust - or steer it toward zones that will perform well, (3) that plutonic rocks with requisite
characteristics exist in sufficient abundance to allow siting alternatives, (4) that system
performance can be accurately predicted, and (5) that the elements of the natural barrier
system are sufficient for containment.

1. AECL possesses the technologies that can convincingly characterize the hydrogeological
nature of a given site. The research areas evaluated by AECL have been characterized at
varying levels of investigation, with the URL and Whiteshell Research Areas receiving by
far the most detailed characterization. Site characterization can be considered adequate if
accurate system responses can be made and verified by monitoring. AECL has
demonstrated a predictive and monitoring capability using the URL characterization data
that is sufficient to demonstrate regulatory compliance.

2. The technologies required to identify poorly performing parts of the system such as
fractures and fracture zones, are available to be used to steer the vault away from poorly
performing parts of the hydrogeologic system such as permeable fracture zones or even
isolated fractures. The technologies include direct observations and measurements as well
as indirect methods, including surface and borehole geophysical techniques such as radar
and reflection seismic methods. The robustness of the disposal concept relies in part on a
demonstrated ability to apply the "steering" technologies, if required, and to validate the
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approach. It is the panel's opinion that AECL should demonstrate the ability to locate a
vault by applying the approach to a selected location within the Whiteshell Research Area
and conducting a demonstration performance assessment of the selection for the EIS.

3. The panel is of the opinion that plutonic rocks with requisite hydrogeologic characteristics
are sufficiently abundant to allow any necessary flexibility in the siting of a repository.

4. Prediction of system performance has been reasonably demonstrated at the WRA and it is
the panel's opinion that system performance predictions can be adequately accomplished
by AECL at other sites as well as the WRA.

5. The elements of the natural barrier system contained in the disposal concept are sufficient
to make the concept work. It is the panel's opinion that the necessary and sufficient
conditions to make the concept work are simply the existence of a sufficient volume of
rock with adequate hydrogeologic performance characteristics, primarily low permeability.
The required volume of rock for the vault is relatively fixed, whereas the shape of the
repository and the required volume of rock surrounding the repository is variable,
depending upon the hydrogeologic properties of the surrounding rock.

It is the panel's opinion that the necessary and sufficient conditions critical to validating
the disposal concept are independent of the repository's location within regional or low
flow systems. Location of the repository in a regional recharge area, although
theoretically beneficial to some extent, is unnecessarily restrictive.

6. The geologic understanding of how the Canadian Shield evolved structurally, and factors
controlling the location of plutons has dramatically improved over the past decades. In
the EIS, a conceptual geologic model which encompasses emplacement tectonics and
subsequent tectonic history and relates the observed structural controls on the
hydrogeologic system (faults, fracture zones) to their probable origin would be extremely
useful in demonstrating that adequate characterization can be accomplished.

4.1 SPECIFIC ISSUED RAISED IN THE PANEL MANDATE

At meetings at Pinawa on August 27-29, 1992, scientists of AECL proposed a specific
mandate to the panel. This mandate was to review AECL's approach to siting a repository for
the burial of commercial nuclear waste (fuel rods) and to examine the evidence that supports
the belief of AECL with respect to the following:

1. The flow system can be characterized adequately for the purpose of selecting a
location for a disposal vault, developing a vault design, and performing a disposal
system performance assessment.
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2. Monitoring of changes in head in response to both natural perturbations (precipitation,
snowmelt, etc.) and man-induced perturbations (drilling, interference tests, exploratory
shaft excavation, etc.) can validate an understanding of the system as represented in
hydrogeological models.

3. The geometry of major permeable structural features and local topographic relief are
more important in assessing performance against the regulatory risk criterion than the
location of the site relative to "regional recharge" areas.

4. The long-term safety criterion can be met at sites in a variety of regional
hydrogeologic settings and there is no need to limit flexibility in siting with a
requirement that the site be in a "regional recharge" area.

5. Many plutonic rock bodies that contain significant volumes of low permeability rocks
are likely to exist.

We will take up each of these issues below:

The flow system can be characterized adequately for the purpose of selecting a location
for a disposal vault, developing a vault design, and performing a disposal system
performance assessment.

We view this issue on at least three levels. First and foremost is the belief by AECL
scientists that exploration on a repository scale will permit the delineation of a block of rock
suitable for repository purposes. The successful siting of the URL near Lac du Bonnet, offers
the most compelling evidence that major fracture flow systems can be avoided by a carefully
designed surface-based drilling program and geophysical effort. Davison (1984) considers the
fracture zones to be the major ground-water bearing conduits in the Lac du Bonnet batholith.
The fact that major fractures can be avoided, or in the interest of research requirements
purposely encountered, appears to be unassailable. Davison and Kozak (1988) give a detailed
account of major fracture characterization. Secondly, these same exploration techniques
permit a determination of the prédisposai hydrologie and geochemical regimes, which are
vital to an understanding of the potential effects of thermal loads, reactions with the waste
packages and transport pathways. And of course, some other elements of the exploration
program (such as boreholes) are used once again in the testing phase, which provides the
important hydrological and geochemical parameters to be used in the performance assessment
models. And last is the model development itself, which includes three-dimensional finite
element codes, verification and validation studies, and the connection between the detailed
geosphere model and network models that are employed in transport.
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Monitoring of changes in head in response to both natural perturbations and man-
induced perturbations can validate an understanding of the system as represented in
hydrogeoïogical models.

A major drawdown experiment at the URL site and ongoing tracer tests in the URL fracture
zones offer evidence that tends to validate this statement. According to Davison (1986), field
measurements on inflows and piezometric responses during actual construction of the shaft
were compared to model predictions of these phenomena. Certainly, some discrepancies were
evident with regard to the expected inflows, but the spatial, time variant piezometric
drawdowns predicted by Guvanasen's (1984) model agree reasonably well with the field data.
Thus, field measurements made during and after excavation provide data with which to assess
the validity of model predictions for ground-water flow. Further, work by Thorne (1992)
examines piezometric level response to recipitation variations, and Gascoyne and others (in
submittal) attempt to characterize ground-water flow by examining the distribution and
migration of naturally occurring He and Rn. Scheier et al., (1990) demonstrate that both the
hydraulic parameters and the transport parameters of a two-dimensional model of the major
fracture zone at (lie WRA could be reasonably calibrated to simulate experimental tracer test
results.

The geometry of major permeable structural features and local topographic relief are
more important in assessing performance against regulatory risk criterion than the
location of the site relative to "regional recharge" areas.

There are some obvious advantages for locating a repository in a regional recharge area
namely, the length of flow path. However, the location of repositories in such areas is neither
necessary nor sufficient to guarantee waste isolation. The conceptual model of regional
ground-water flow is a very useful one and cannot be ignored in regional studies concerned
with waste migration. However, scientists at AECL have developed a powerful conceptual
model of major shear zone development in the Canadian Shield that is far more insightful if
the objective is to isolate the wastes in these rocks. We repeat once more that the successful
siting of the URL offers the most compelling evidence that major flow systems can be
avoided in repository siting. Additionally, the relatively low lying somewhat hummocky
terrain of the Precambrian Shield may preclude the presence of regional flow systems on a
scale that would contribute greatly to waste isolation.

The long-term safety criterion can be met at sites in a variety of regional
hydrogeoïogical settings and there is no need to limit flexibility in siting with a
requirement that the site be in a "regional recharge" area.

As stated above, the location of a repository in a "regional recharge" area is neither necessary
nor sufficient to guarantee waste isolation. The key to siting resides in the fact that AECL
has developed the technologies to keep the vault away from poorly performing zones. This is
the geologic barrier concept and one that is relied on in all countries that are involved in
waste isolation. The "regional recharge" area in itself has no barrier qualities.
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Many plutonic bodies that contain significant volumes of low permeability rocks are
likely to exist.

Having reviewed the available information, the panel concludes that plutonic rocks, which are
a key element to the AECL disposal concept, are present in abundance in Ontario and
elsewhere in the Canadian Shield. There is convincing evidence that these rocks will often be
sparsely fractured and possess an intact permeability that is so low as to be difficult to
measure. There is no reason to expect that the siting process will be constrained by
difficulties in finding sites to evaluate.
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TABLE 1

BRIEF DESCRIPTION OF AECL'S RESEARCH AREAS
(FROM WHITAKER. 1987)

AREA

White Lake

Chalk River

Whiteshell

Atikokan

East Bull Lake

LOCATION (ROCK TYPE)

Eastern Ontario
(granite)

Eastern Ontario
(orthogneiss)

Eastern Manitoba
(granite)

Northwestern Ontario
(granite)

Central Ontario
(gabbro-anorthosite)

MAJOR ACTIVITIES

Testing of reconnaissance techniques,
and borehole television surveys.

Independent testing of new or
existing methods, hydrogeologic
investigations of shallow, fractured
metamorphic rocks.

Developmental research on methods
and equipment, regional
hydrogeology of plutonic rocks,
detailed study of a granitic pluton at
the Underground Research
Laboratory, WNRE1, and permit
areas using various methods.

Testing of reconnaissance
geophysical surveys, detailed
geological mapping of outcrops,
characterization of local and regional
flow systems, detailed studies of
fracture systems, deep hole
instrumentation.

Regional geophysical reconnaissance,
detailed surface and subsurface work
to establish rock and fracture types,
hydraulic head monitoring and
hydrochemical investigations.

Whiteshell Nuclear Research Establishment
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TABLE 2

STATUS OF CRITICAL TECHNOLOGIES REQUIRED TO DEMONSTRATE
THE AECL DISPOSAL CONCEPT

TECHNOLOGY/
APPROACH

STATUS COMMENTS

REGIONAL GEOLOGIC/HYDROGEOLOGIC

Geologic mapping

Fault/lineament
mapping

Hydrogeologic
assessment

M

M

M

Method to produce regional geologic maps are
appropriate to AECL's needs.

Integration of geological mapping, photo
lineament studies, and at a reconnaissance
scale provides a good representation of the
general structural framework.

Generally requires outcrop coverage >1O%

Conventional investigative methods provide a
basis for assessing the character of flow, and
water chemistry in relation to the most
important topographic, structural, and lithologie
features.

Relatively course resolution due to the limited
number of measurement points.

LOCAL-SCALE GEOLOGIC/HYDROGEOLOGIC

Geologic mapping

Surface fault/
lineament mapping

M

M

High resolution mapping of lithologies,
textures, demonstrated in various research
areas, limited removal of overburden possible.

Detailed methodologies for scanline mapping
of fractures in outcrop provides detailed
information on fracture length, orientation,
roughness, and minerals.

Less resolution in drift covered areas, but
large-scale fracture zones mappable from
topography, and soil gas measurements.

Selected geophysical methods (e.g., reflection
seismic and ground-penetrating radar) may
provide useful information about larger fracture
zones.

continued.
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TABLE 2

STATUS OF CRITICAL TECHNOLOGIES REQUIRED TO
DEMONSTRATE THE AECL DISPOSAL CONCEPT

TECHNOLOGY/
APPROACH

Age of fractures

Deep drilling/
oriented core

Geophysical
Logging of
boreholes

Hydraulic testing in
boreholes

STATUS

T

M

M

M

COMMENTS

Some work done to determine the age of
various fractures and the interrelationships with
geologic models on the origin of fractures.

Initial characterization boreholes provide
continuous oriented core which is logged to
establish lithology, detailed structural and
mineralogical information about fractures.

Borehole deviation information provides
accurate information about the hole location.

Suites of standard geophysical logs provide
information about variations in rock properties
and lithologies.

Acoustic televiewer logs and borehole
television provide detailed information on the
occurrence of fractures that compares well with
core logs.

Hydraulic testing of fractures and fracture
zones is conducted routinely with straddle-
packer test tool coupled to a state-of-the-art
digital data collection system.

Lower limit of measurement is approximately
lxlO'22nr, which encompasses non-fractured
rocks, and sealed fractures.

continued.
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TABLE 2

STATUS OF CRITICAL TECHNOLOGIES REQUIRED
TO DEMONSTRATE THE AECL DISPOSAL CONCEPT

TECHNOLOGY/
APPROACH

Hydraulic head
measurement

Collection of water
samples for lab
analysis

Cross-hole pulse
testing

Multiwell
Interference tests

Ground-water tracer
experiments

STATUS

M

M

M

M

M

COMMENTS

Multilevel casing system provides the
opportunity for hydraulic head measurements at
selected intervals within a single borehole.

Measurements appear to be most reliable for
open fractures or fracture zones and least
reliable for intact, low permeability rocks.

A variation on conventional standpipe
piezometers with multiple completions in a
single hole also used successfully.

The multilevel casing system provides the
capability to collect water samples from
particular fractures or fracture zones.

Hydraulic pulse interference tests are used
effectively to establish the extent of fracture
interconnection between boreholes and the
geometry of the fracture pathways.

Test program at the URL illustrates the
capability for large-scale interference testing to
establish the hydraulic conductivity of fracture
zones and the hydraulic connection through
unfractured rock between fracture zones.

Also demonstrates capabilities for continuous
pressure monitoring and digital data acquisition
in a large network of wells.

Tracer experiments involving single fractures
or fracture zones can be run between boreholes
at separation distances of up to 300 m.

continued.
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TABLE 2 (concluded)

STATUS OF CRITICAL TECHNOLOGIES REQUIRED
TO DEMONSTRATE THE AECL DISPOSAL CONCEPT

TECHNOLOGY/
APPROACH

Cross-hole seismic

STATUS

T

COMMENTS

Testing is ongoing on the application of cross-
hole seismic approaches for mapping fractures
between boreholes.

The technique, while promising, is not yet fully
developed.

FACILITY SCALE EXPERIMENTATION

Radar surveys from
drifts and shafts

In situ measurements
of diffusion
coefficients

Measurements of
inflow rates to shafts

Hydraulic properties
as a function of stress
and fluid pressure.

T

U

M, U

T

Radar surveys conducted from the shaft at
URL have shown the capability of detecting
fractures and zones out in the rock.

The resolution of this technique is about 10 m
for single fractures and 20 to 30 m for fracture
zones.

There has been limited work on the in situ
measurement of diffusion coefficients for intact
plutonic rock.

Relatively simple techniques have been
developed to monitor the inflow to drifts and
shafts from fractures or fracture zones.

Limited work as yet to measure inflow rates
through the intact rock.

Testing within the URL has demonstrated
capabilities to determine normal stiffness and
in situ stress of fracture zones and how
changes impact hydraulic properties.

M - mature proven technology; T - testing phase; U - methodologies undeveloped
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APPENDIX A

EXPERT PANEL ON HYDROGEOLOGY

TERMS OF REFERENCE

The mandate of the panel will be to review AECL's approach to siting and the evidence on
which we base our belief that:

• the flow system can be characterized adequately for the purpose of selecting a location for
a disposal vault, developing a vault design, and performing a disposal system performance
assessment,

• monitoring of changes in head in response to both natural perturbations (precipitation,
snowmelt, etc.) and man-induced perturbations (drilling, interference tests, exploratory
shaft excavation, etc.) can validate our understanding of the system as represented in
hydrogeological models,

• the geometry of major permeable structural features and the local topographic relief are
more important in assessing performance against the regulatory risk criterion than the
location of the site relative to "regional recharge" areas,

• the long-term safety criterion can be met at sites in a variety of regional hydrogeological
settings and there is no need to limit flexibility in siting with a requirement that the site
be in a "regional recharge" area, and

• many plutonic rock bodies that contain significant volumes of low permeability rock arc
likely to exist.

The review will begin with a briefing of the panel by AECL staff on our approach, the
information available, and our interpretation of the position being put forward by TAC. The
panel will be asked to review the information in depth through discussion with staff and such
evaluation of data and reports as is necessary for the panel to prepare a written report
advising AECL of its opinion of the soundness of our approach, the validity and effectiveness
of the use we make of the case study based on the Whiteshel! Research Area, and the
adequacy of our information for presenting a convincing case for the soundness of our
approach in the EIS and supporting documentation. If appropriate, the panel will also
recommend additional investigations or analyses that, in its view, would better support our
approach or, alternatively, modifications to our approach that, in its view, would be better
supported by the information.
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