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S U M M A R Y

The Eleventh Annual Report of the Technical Advisory Committee (TAC) assesses the
scientific and technical progress made within the Canadian Nuclear Fuel Waste Management
Program (NFWMP) during the period July 1989 to June 1990. The Committee notes that
the general concept of a multibarriGr system involving geologic media and engineered systems
is based on known technologies and current scientific knowledge, and has gained strong
international scientific and engineering support as currently the most feasible and practical.
TAC continues to endorse the full investigation of the concept of nuclear waste disposal deep
in plutonic formations, such as those in the Canadian Shield.

The program results are to be presented • .rough the submission of an Environmental
Impact Statement (EIS), a compilation of re .arts and data. The process for evaluating the
EIS through the Environmental Assessment and Review Process (EARP) has been initiated and
will ensure that all parties including regulatory bodies, government departments the scientific
community, the general public, interest groups, etc.. have the opportunity to provide views
on the results of this complex research on nuclear fuel waste disposal.

Assessment of the disposal concept requires the development and application of
radiological and risk criteria now established by regulation. The concept of risk and its
application are complex and TAC believes that a clear exposition should be made in any
documentation where risk criteria are central.

The examination of the performance of the complex multibarrier disposal system utilizes
system variability analysis. TAC considers this a sound and justifiable approach to
environmental and safety assessment provided the conceptualization of the system, including
all its component parts and parameter distributions, has validity. Software quality assurance,
sensitivity analysis and uncertainty analysis must continue to be applied to ensure the
reliability of computer codes and models Continued participation in international code
validation projects is merited.

The development of a credible biosphere model is progressing favourably with submodels
for the atmosphere, surface water, soil and food -chain /dose now documented. The draft
reports on these submodels, while at different stages of review, are proceeding towards clear
and logical organization and presentation. Important experimental work including that on
radionuclide transport in soils is soundly conceived and appropriate to the program.

Geological field research is of high quality and is appropriately concentrated in the
Whiteshell Research Area (WRA) with necessary emphasis on fracture systems. Within the
WRA. the Underground Research Laboratory (URL) provides the site and focus for the
integrated and well-coordinated geoscientific studies in hydrogeology, hydrogeochemistry.
geology, geophysics and geomechanics. The excellent work on rock characterization will be
enhanced by the URL operating experiments that have been initiated, and TAC proposes that
the experimental work on dynamic response effects be extended The total URL operatinq
phase program is comprehensive with clear objectives and adequate experimental design
flexibility

TAC considers the geophysical research to be of excellent quality and that the
applicability of geophysical surveys in regional investigations is now well-established.



Underground geophysical methods have shown great value in site selection and characteriza-
tion as well as for vault design, and merit priority in the program.

The extensive geochemical work has contributed significantly to the knowledge of
radionuclide sorption. There is a sound understanding of the problems in defining and
measuring sorption coefficients, and the approaches used in continuing investigations and in
related modelling of nuclide retardation are valid and appropriately cautious. TAC supports
continuing investigations on the possible role of colloid transport of radionuclrdes as well as
the related chemical investigations.

In spite of the limitations of natural analogs and the care with which analogy must be
drawn, TAC considers the program efforts on natural analogs to be well justified, centred
appropriately on Canadian phenomena, and contributing important data to the overall body
of knowledge. TAC also proposes that groundwater flow be explicitly included among criteria
for judging natural uranium analogs, and that the possibility of a natural analog for iodine
transport be investigated.

TAC supports the objectives and scope of the hydrogeology research but suggests
inclusion of flew system boundaries and flow directions as components in hydrogeological
mapping. TAC also stresses that regional recharge areas have positive characteristics as
potential vault locations and that a recharge position in regional groundwater flow systems
should be considered for inclusion as a vault-siting criterion. Geosphere model development
awaits full documentation prior to evaluation.

An impressive array of published work supports TACs affirmation that the program has
provided increasingly detailed knowledge of the general behaviour of used fuel and of the
reference titanium alloy container under a wide range of conditions. Continuing investigations
on used fuel and on titanium and copper as container materials are justified in order to
improve the corresponding models. The mathematical formulation of these models as well
as for that of radionuclide transport are soundly conceived.

TAC considers that an increasingly sound basis is being established for bentonite-based
buffer and sealing materials providing an effective barrier for the isolation of nuclear fuel
wastes. The program for development of both buffer and backfill has provided a very
comprehensive understanding of their behaviour under realistic vault conditions. The relevant
operational experiments planned for the URL will be essential as part of the necessary
validation, and will also apply to the development of grouting and the high-performance
cements and concretes being investigated.

We again record our support for: (a) the policy of involving universities, industries and
private consulting groups in the program through contractual arrangements, (b) the policy of
full and free availability of research data, results and information through meetings, reports,
and series of publications, and (c) the impressive achievements in scientific publications of
many of the results from the program in the peer-reviewed literature. TAC also strongly
supports participation in international and cooperative activities, an area where we judge the
Canadian contributions to the international knowledge base in the field of radioactive waste
management to be significant and well recognized. TAC supports and urges additional
involvement of scientific and engineering groups and associations in the processes of peer
evaluation and assessment of the research results of the Canadian NFWMP, especially of the
EIS. Finally. TAC supports unequivocally the continuing clear and definite provisions for
public participation at the various stages of program development and review.
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1. GENERAL INTRODUCTION

1.1 PROGRAM CONCEPT AND DEVELOPMENT

The Canadian Nuclear Fuel Waste Management Program (NFWMP) comprises the research
and development required to establish appropriate technologies for the safe permanent
disposal of Canada's nuclear fuel wastes. It was formally initiated in June 1978 by a
Canada-Ontario Agreement and has the overall objective of ensuring that there will be no
significant adverse effect, at any time, on man or the environment arising from nuclear fuel
waste. The program includes continuing research and development of technologies for
interim storage and transportation (the responsibility of Ontario Hydro (OH)), and a generic
research program on the concept of immobilization and subsequent deep disposal of nuclear
fuel waste in stable crystalline rock within the Canadian Shield (the responsibility of Atomic
Energy of Canada Limited (AECL)). The term "fuel waste" covers both used fuel
(synonymous with spent or irradiated fuel) from CANDU* reactors and the radioactive wastes
that would result from reprocessing or recycling of the fuel if that is eventually carried out.

A brief description of the concept of effective and permanent isolation in a vault constructed
deep in a stable geologic formation appeared in our earlier reports (e.g. TAC. 1981:
TAC, 1986). The further abbreviation in more recent reports is repeated here as background.

A deep underground vault provides a natural barrier in the form of the large geologic mass
between the emplaced waste and the biosphere. The principal long-term concern is the
potential for any natural groundwater to become contaminated with radioactive nuclides
(radionuclides) from the waste and eventually to enter the biosphere. The vault and its
surrounding geologic medium must, as a consequence, retain a high degree of integrity
through resistance to the effects of potential natural surface phenomena (such as erosion,
meteorite impacts, glacial activity, etc.) as well as of tectonic and seismic activity. The
geologic mass properties must also provide adequate stability against any mechanical, thermal
and radiation stresses resulting from the construction and use of the vault. Consideration
also must be given to minimizing the risk of future disruption by unpredictable natural events
or man-made intrusions.

The natural barriers provided by geologic disposal thus include rock with low permeability and
low groundwater flow rates, long transport times for groundwater to reach the surface,
retardation of migrating nuclides in rock pores and fractures, sorption of nuclides on rock
surfaces and in overlying strata, and further dispersion and retention in the lakes, rivers and
biomass of the biosphere.

Engineered barriers provide further protection and include (1) a waste form of high stability,
(2) encapsulation or containment in material of high corrosion resistance and durability, and
(3) the further addition of buffer material with low permeability and high sorption capacity
surrounding the waste and possibly for the filling of vaults, tunnels and shafts

*CANada Deuterium Uranium



This general concept of a multibarrier system involving geologic media and engineered
systems is based on known technologies and current scientific knowledge. It holds strong
international scientific and engineering support as being currently the most feasible and
practical. This support is evidenced, in part, by the existence of at least 18 national
programs (IAEA, 1988), a number of international research and development efforts (in most
of which Canada is a participant), and the establishment of underground research laboratories
in six countries (including Canada). All these efforts are devoted to the same general
concept, which for the Canadian Program has been centred on investigations in igneous rock
formations (granite, gabbro, etc.), known as plutons, which have wide occurrence in the
highly stable Canadian Shield. Within that broad limitation, the Canadian research and
development program remains generic, rather than site-specific. Alternative host media such
as salt beds, clays or shales continue to be examined in a very limited fashion, and studies
on the feasibility of multi-media environments, specifically sedimentary rock overlying igneous
rock, have been recently initiated.

A brief, informative guide to the Canadian NFWMP, "Managing Canada's Nuclear Fuel Wastes"
(AECL, 1989) describes the administrative structure, the main research and development
components, the participating organizations, areas of international cooperation, and aspects
of external review. Other regular reports describing research progress have been issued (e.g.
Lisle and Wright, 1986), while a comprehensive, more detailed report on the whole Canadian
program has appeared as an entire issue of an international journal (Dormuth, 1987). The
main underlying assumptions and the major decisions or development steps in the program
have been selected and listed, with references, in a previous report by this Committee
(TAC, 1985).

As the program developed, its first stage (that of concept assessment) evolved into a 10-year
research and development program of a generic nature. Through the period 1981-1991 the
program is providing the scientific and technical data necessary for an assessment of the
concept of deep crystalline rock disposal in terms of achieving the stated objective of safety
and permanence. This objective requires a judgment to be made on the behaviour of the
multibarrier system over a long time-span. Since such a system is complex with very many
parameters, a probabilistic approach based on system variability analysis has been adopted.
It is implemented through the use of a computer simulation program SYVAC (SYstem
Variability Analysis Code) which operates on distributions of values of all parameters included
in the descriptive models of the system or parts of the system. This operation produces a
number of simulations each describing the anticipated impacts on the environment and gives
a measure of human health impact. These calculated consequences can serve as a basis
for the judgment of safety.

Responsibility has not yet been assigned by government for the succeeding stages or phases,
that of site selection (if the concept is deemed acceptable), and that of construction and
operation of a vault, including both its period of active use and its status after final closure.

1.2 CONCEPT ASSESSMENT AND THE REVIEW PROCESS

Concept Assessment, as the first stage in the program, involves the research on geological
disposal being conducted by AECL, OH and other parties, and is designed to provide the
evidence upon which the acceptability of the concept will be judged. The focus for that
evaluation will be a set of documents for review of the Concept Assessment. This
documentation, now termed the "Environmental Impact Statement on the Concept for Disposal



of Nuclear Fuel Waste in Canada" or EIS. is going through stages of preparation and revision
based not only on previous and new scientific data and research results but also on public
comment and review. The final EIS is expected to comprise ten volumes and will be
submitted by AECL for evaluation In addition, a large number of supporting and background
reports will be available.

The evaluation or review process has been modified from its original plan (Canada-Ontario.
1981) whereby an Interagency Review Committee (IRC) comprising the Atomic Energy Control
Board (AECB). the Ontario Ministry of Environment and Environment Canada with AECB as
the lead agency was to carry out the environmental review. The new review process to
be applied to the Concept Assessment submission (i.e. EIS) is based on the referral by the
Minister of Energy, Mines and Resources of the NFWMP for environmental review to the
Minister of the Environment (EMR 1988), This referral included the request for the
establishment of a Review Panel which would operate according to the federal Environmental
Assessment and Review Process (EARP) administered by the Federal Environmental
Assessment Review Office (FEARO). The Panel appointment and its terms of reference were
announced in October 1989 (Environment Canada, 1989). It has a broad mandate for
examination of the concept of deep geological disposal and which ensures opportunities for
full public discussion of nuclear fuel waste management issues. Since no site selection wii'
take place at least until a disposal concept has been deemed safe, the Panel is not to
consider specific potential sites, and is also specifically excluded from reviewing such other
issues as federal and provincial energy policies and the role of nuclear energy. A Scientific
Review Group (SRG) of eminent, independent experts has been established to assist the
Panel in its evaluation of scientific and technical matters and to supply its own scientific
evaluation of the concept (FEARO. 1990). EARPs Guidelines, decreed for its operations,
indicate that an Environmental Impact Statement would be the normal document for any
proposal which was to be assessed. The EIS to be submitted by AECL will therefore
properly constitute the documentation to be reviewed.

An important factor in providing AECL with guidance on criteria to be used in its
development of the waste disposal concept has been the regulatory requirements set out by
AECB in a Regulatory Policy Statement, R-71 (AECB, 1985). This statement includes
comprehensive background information, clear definitions and descriptions of the disposal
concept, the nature of Concept Assessment, and regulatory roles and responsibilities. The
regulatory requirements differentiate between requirements applying to the concept of deep
geological disposal, and those which apply to the assessment and its documentation. The
requirements applying to the concept include a radiological criterion for post-closure radiation
exposure from a waste vault set at a level which, for individuals, is but a small faction of
natural background radiation. These radiological criteria are included in the Regulatory Policy
Statement. R-104. (AECB. 1987a). AECB has also issued a Regulatory Guide, R-72, (AECB.
1987b) which describes the characteristics, in the form of geological criteria, of a geologically
acceptable site for underground disposal of high-level radioactive waste. This provides direct
guidance, at the generic research level, for ensuring that all general geological characteristics
are determined and evaluated. In this regard it also indirectly provides useful criteria for
environmental review. All general geological characteristics referred to in R-72 are being
studied within the Canadian NFWM program. AECB. as the federal regulatory agency, could
be expected to play a role as intervenor in the review process and to be consulted by the
SRG and the Review Panel itself.

The Review Panel has recently completed information workshops at various centres in
New Brunswick. Quebec. Ontario, Manitoba and Saskatchewan. The main components of the



review process will include general meetings with the public as well as with appropriate
government agencies and bodies to obtain views on what issues are involved. After draft
guidelines have been made available for public response, the Panel will issue final guidelines
describing what the concept evaluation process will address. Upon receipt of AECL's EIS,
expected in 1991, the Panel will distribute it widely for review, and with the help of the
SRG. would determine if the guidelines and regulatory criteria had been met. If there were
deemed to be deficiencies, revisions would then have to be made by AECL, otherwise the
Panel would announce, prepare for, and conduct public hearings. The Panel would receive
public input and participation in the review certainly throughout Ontario and in the provinces
of Quebec and New Brunswick, where used nuclear fuel is also produced and stored. The
Panel would report its findings to the Minister of Environment Canada and the Minister of
Energy, Mines and Resources Canada, who would then make them public. It will then be
the responsibility of the Federal and Ontario Governments to make a decision on the overall
acceptability, conditional acceptability or non-acceptability of the concept presented in the EIS.

The review process is designed to ensure that all parties, including regulatory bodies,
government departments, the scientific community, the general public, and interested groups,
have the opportunity to provide views on and responses to the results of the very complex
undertaking of the research on nuclear fuel waste disposal. At the same time, the final
decision on its acceptability rests properly with the governments as having overall
responsibility. Actual site selection for a waste disposal facility (the second stage) will
commence only after the concept has been accepted. Should the concept be conditionally
accepted, further research work by AECL will be required. In the case of non-acceptability,
alternative proposals must be considered by the Governments of Canada and the interested
provinces.

1.3 TECHNICAL ADVISORY COMMITTEE

The Technical Advisory Committee (TAC) to AECL on the Nuclear Fuel Waste Management
Program was established in mid-1979 following recommendations in earlier government reports
and suggestions from parts of the scientific community. Its membership was selected entirely
from a list of nominees submitted by major scientific and engineering societies in Canada.
The past and current membership of TAC, along with the names of the nominating societies
involved, are given in Appendix I. The Terms of Reference for the Committee, on which the
societies also had been consulted, have been presented in the first two annual reports of this
Committee and are available on request. The Terms of Reference are reviewed by AECL and
the nominating societies every three years. To date, no changes to the original terms have
been suggested. In summary, the purpose of the Technical Advisory Committee is to act
as an independent review committee advising AECL on the extent and quality of the Nuclear
Fuel Waste Management Program. The responsibilities of the Committee, therefore, are to
review the contents of proposed research projects, to suggest alternatives and additions as
deemed apDropriate. to review the scientific methods used, to ensure that the best available
technology is being appiied to the program, to review program results and to ensure that
conclusions drawn are valid within the limits that are claimed, and to recommend any specific
areas of work for which research should be undertaken, either by existing staff or through
research contracts.

The Technical Advisory Committee, with a current membership of sixteen, appointed on 3-year
terms, meets regularly as a full committee and also utilizes a subcommittee structure
correlated with major elements of the research program. The four subcommittees



(Geosciences, Engineered Barriers. Bioscience and Systems Analysis) have some overlap of
membership to maintain continuity and invoke expertise in required aspects of thp program
Continuity is also maintained by the allowance of renominations for additional terms The
overlap in successive appointees from a specific association or society has also been used
to augment knowledgeable input to our reviewing process. As well as renewals (sec
Appendix I) for the year beginning July 1. 1989, two new nominees from the Canadian
Geosciences Council have been appointed to TAC. one replacing a member who had
resigned, and one covering an important geological area on which special expertise was
requested. One of the nominees of the Canadian Institute of Mining and Metallurgy has
recently resigned prior to completion of his term, and a successor has been requested TAC
also employs a full-time Science Secretary and two other staff (Appendix I)

TAC reports to the AECL Program Director, now the Vice-President. Waste Management
through its minutes, reports, and specific recommendations, and through its annual report
which is a public document. This present document, the Eleventh Annual Report. TAC-11.
continues the reporting on the review process which is based on autonomous peer judgment
Autonomy is not only assured by the form of appointment to TAC of persons nominated by
professional and scientific societies, but also by the requirement of reporting in the public
domain and by the provision to TAC of full and free access to all aspects of the research
program. The Committee is also provided with resources that allow it to obtain additional
specialist advice as it deems appropriate.

The Tenth Annual TAC report, TAC-10, (TAC. 1989) was submitted in October 1989 based
on the Committee's review of the progress in the program to approximately July 1989 A
brief executive summary of TAC-10 is given in Appendix II. As with previous TAC reports.
TAC-10 appears in both official languages and has been widely distributed to investigators
in the program, to the scientific community, to government departments and to the public
It also gives further details on our continuing effort to communicate our views on the
Canadian program.

Members of TAC continue to seek opportunities to discuss the program with Canadian
scientific and professional societies, and also continue to be available for interviews or
presentations on TAC's role in assessment of the program. A brief list of presentations or
reports by TAC members is given in Appendix III. With such a research program as that
on nuclear waste, there are major social, environmental and political aspects, as well as the
direct scientific and technical elements. The members of TAC continue to feel a responsibility
to provide evaluation of the NFWMP to the scientific and technical community in Canada as
well as to those participating in the program and to those accountable for it at the political
level. We also continue to be most willing to provide interpretation and evaluation as broadly
as possible to the general public. The measures described above indicate our efforts in
these regards.

The review activities of TAC continue to centre on a scientific evaluation of methods
technology and results achieved within the program both as related to objectives, and with
regard to such limiting problems as time, manpower and resources. Efforts to determine
missing or neglected areas of research, and to suggest potential sources of expertise or
special facilities that might become involved in the program are part of the evaluation mode
The review procedures remain in the tradition of peer review and include a critical
examination of information directly available from a large number of research projects within
the program. Such information comes through meetings and discussions, through laboratory
and field visits, and through published documents. The last includes scientific papers



presented at national and international conferences, publications in scientific periodicals and
conference proceedings, semi-annual status reports on the program, a Technical Record (TR)
series, and other AECL publications. In earlier years of the program, a series of Program
Documents (either TRs or AECL reports) provided detailed research plans and overviews of
specific components of the program. Efforts are now centred on producing the final reports
for the EIS and these are becoming a prime focus for TAC's attention. Related work in
other jurisdictions and countries is monitored as part of the necessary context for evaluation.
Details of these review activities of TAC have also been given in previous reports (TAC, 1987;
TAC, 1988). Appendix IV lists the various information meetings, workshops, etc. held within
the program over the past year, and national and international conferences or symposia which
had relevance to the Canadian program and at which TAC was represented.

Through the various meetings listed, direct, informal communication between members of TAC
and program research personnel continues to be frequent and valuable, facilitating the
exchange of information, suggestions and advice, and assisting in our endeavours to fulfil our
mandated role. If occasion requires, a formal technical communication is addressed to the
Director of the program. The matters thereby involved are also dealt with through our annual
reports.

Responses to our annual report continue to be welcomed. In previous years a written
response has been given by AECL, and has greatly assisted both the forma! and the informal
discussions about elements of the program between TAC members and the investigators and
managers in the program. Appendix V, the AECL response to TAC-10, is presented with
sufficient context that areas of agreement, and disagreement, as well as items under
continuing discussion, can be noted. Any matters we consider requiring further elaboration
or recommendation are covered within this report, TAC-11, in the appropriate subsection.

As in our previous reports, this annual report, TAC-11, aims to provide an overall general
view of the program and summaries of the major research accomplishments for the year, as
well as being the medium for transmitting advice to AECL with respect to the current status
and recent research results. Thus we emphasize both the major research thrusts with which
we have been concerned, as well as presenting our analysis and evaluation of program
performance in the past year, beginning with the overall systems approach to assessment of
the concept, then reviewing environmental research, the geoscience program, and finally,
immobilization technology. This appears in Section 2 of this report while in Section 3 we
consider some of the general issues with which we are concerned, and present observations
on international research activities in the nuclear waste management field. Section 4 contains
a compilation of our recommendations and conclusions selected from the preceding sections.



2. PROGRAM PERFORMANCE ASSESSMENTS

2.1 ENVIRONMENTAL AND SAFETY ASSESSMENT

2.1.1 Introduction

The objective ot the environmental and safety assessment is "to estimate the effects of
storage, transportation, immobilization and disposal of nuclear fuel waste on man and the
environment" (Rosinger and Dixon, 1982). The activities of this portion of the program involve
interpreting and synthesizing the research work done in other parts of the program into a
coherent body and in a form suitable for external review and. ultimately, for the formal
evaluation of the Concept Assessment. The policy in the NFWMP has always been for the
process of Concept Assessment to be an iterative one. Critical review and comments from
peer review groups, regulatory bodies and interested parties, were invited on the general
approach of assessing the concept as given in the first Interim Concept Assessment
Document (ICAD1) entitled "Environmental and Safety Assessment Studies for Nuclear Fuel
Waste Management" (Lyon et al., 1981; Johansen et al., 1981; Wuschke et al., 1981). Based
on the responses received and the updated information from continuing research, the second
Interim Concept Assessment Document (ICAD2) was issued in October, 1985. The four
volumes (Wuschke et al., 1985a; Gillespie et al., 1984; Johansen et al., 1985 and Wuschke
et al.. 1985b) have been described previously (TAC, 1987). As noted in Section 1.2 above,
the Environmental Impact Statement will complete these steps and be the formal submission
for review and evaluation under FEARO. Such review may require supplementary work and
submissions before the final verdict on concept acceptability is rendered.

The objective of weighing the evidence that emplaced wastes would pose no unacceptable
harm now or in the future is being met in part by using a probabilistic approach (system
variability analysis) and presenting it in a form that expects to meet AECB regulatory require-

ments. Presumably adjustment will be made in the EIS if required to maet the guidelines
to be issued under the FEARO process if they differ from or go beyond the AECB
requirements. Nonetheless the judgment on ultimate environmental and human impact
through radiological effects will require establishing radiological and risk criteria. Hence we
include immediately below (Section 2.1.2) a brief statement on these criteria.

Of the ten major documents planned for the EIS, the following five, with their expected
volume numbers, deal most specifically with this central matter of environmental and safety
assessment (commonly termed performance assessment) of the disposal system.

Pre-Closure Environmental and Safety Assessment.
Post-Closure Probabilistic Assessment - describes the application of
system variability analysis, the computer code (SYVAC) that implements
it, and the results produced by it.
The Vault Model )
The Geosphere Model ) Bridging Reports describing the three major
The Biosphere model ) models used in SYVAC.

Section 2.1.3 presents our review of the assessment methodologies being employed in both
pre-closure and post-closure assessments and of the progress in their development. Later
Sections 2.2 to 2.4 appropriately refer to the models to be described in Volumes VII to IX.

Vol.
Vol.

Vol.
Vol.
Vol.

V
VI

VII
VIII
IX



2.1.2 Radiological and Risk Criteria

The Canadian regulatory requirements aim to ensure that no undue radiation exposure to
individuals occurs as a result of disposal operations or through the possible escape of
radionuclides from an underground vault to the surface environment. The Regulatory
Documents, R-71, R-72 and R-104, together comprise the conditions to be met with regard
to the deep geological disposal of nuclear fuel waste. R-71 (AECB, 1985) provides the
background, a statement of AECB's views on the critical issues involved and outlines the
general requirements. Also included in this document is a broad outline of the review
process to evaluate AECL's disposal concept. The review procedure now currently expected
to be employed through FEARO has been described in Section 1.2 above. R-72 (AECB,
1987b) contains ALCB's views on the important issues with regard to the geological aspects
of disposal and geological considerations in vault siting. This document, like R-71, presents
general requirements. In contrast, R-104 (AECB, 1987a) establishes the final regulatory
requirements in much more specific terms. It states objectives for radioactive waste disposal
in terms of minimizing any burden on future generations while protecting the environment and
human health, presents the regulatory requirements that must be satisfied in order to achieve
the objectives, and gives guidelines on the application of the radiological requirements.

The main criterion which must be met is that "The predicted radiological risk to individuals
from a waste disposal facility shall not exceed 10~6 fatal cancers and serious genetic effects
in a year, calculated without taking advantage of long-term institutional controls as a safety
feature." (AECB, 1987a). On the assumption of a linear extrapolation to the lowest doses,
the risk level of one in a million in a year of developing fatal cancer or serious genetic
effects is associated with receiving a radiation dose of 0.05 mSv in a year. This dose level
corresponds to a very small fraction of the annual dose received by the general population
in Canada from natural background radiation. Because of the long time-span over which any
radioactive waste disposal system must be effective in containing the waste, there are
uncertainties associated with forecasting future events and impacts (Ross, 1983: D'Alessandro
et al., 1980). As well there are uncertainties with all measurements and analyses on which
such forecasts are built. This calls for a stochastic or probabilistic approach to such
predictive assessment, the methodology for which in the Canadian program is discussed in
Section 2.1.3.2 below. Thus the concepts of both risk and probability are involved (Saltelli
and Marivoet, 1988). In its Regulatory Statement (AECB, 1987a), AECB utilizes a definition
of risk consistent with the generally accepted basis of risk being the product of a probability
of an event and its consequence (Bertozzi and D'Alessandro, 1982).

The regulatory criteria now established have been developed through AECB's usual
consultative procedures, and take cognizance of the widely accepted International Commission
on Radiological Protection (ICRP) standards, in the derivation of which Canada (through AECB
and AECL) is involved. Although a regulatory risk limit (<10*^/yr) is now set in a specific
fashion, the concepts inherent in such a criterion and its applications are very complex, [n
particular, the concept of risk itself is ngi _aneasy one to understand. TAC, therefore,
repeats its expectation that a clear and easily-understandable exposition of this very important
subject will be provided within the EIS.

We noted last year (TAC, 1989) that in view of the re-evaluation of various radiological data,
there existed a strong possibility for revisions in publications from standards-promulgating
bodies such as the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), the Committee on Biological Effects of Ionizing Radiation (BEIR), the International
Commission on Radiological Protection, and the National Council on Radiological Protection



and Measurements (NCRP). Such revisions have taken place both by UNSCEAR (UNSCEAR.
1988) and in the BEIR V report on "Health Effects of Exposure to Low Levels of Ionizing
Radiation" (BEIR. 1990). There is currently active discussion in the scientific literature arising
from these reports. We understand that ICRP is also revising its previous estimates and
recommendations. Undoubtedly AECB will be giving careful consideration to such changes,
and a change in Canadian regulations would not be unexpected. Careful monitoring by
AECL is quite warranted, not least for any potential im^cO.._mJiiL.haye__ori the reference
critena. jQL.the. _E]S.

2.1.3 Assessment Methodologies

2.1.3.1 Pre-Closure Assessment

In the pre-closure phase, analysis of potential physical and socio-economic impacts of
construction, health and occupational risks associated with transportation, immobilization and
disposal operations are based on generally practised techniques. Ontario Hydro has had
substantial experience in conducting similar types of assessment in connection with of power
generating stations, and is conducting this phase of the program

A draft of the Pre-Closure Environmental and Safety Assessment Report (Vol. V of the EIS)
has now been completed and has been based on information contained in two sets of
support documents. The first set of eight reports (pertaining to the used fuel disposal
concept) covers the areas involving health and safety as well as environmental, social and
economic impacts These are now in preliminary draft form and are undergoing internal
review. Likewise, the eight documents of the second set (pertaining tc used fuel
transportation) have also been completed in preliminary draft form and have served as the
basis for the Used Fuel Transportation Assessment (UFTA) which will be a major support
document for the Pre-Closure Report.

The UFTA report, available to TAC in draft form, is a well organized presentation of the
results of analyses of the safety and potential environmental and socio-economic impacts of
alternative modes of future large scale transportation of used fuel from reactor sites to
hypothetical disposal centres in Ontario. The UFTA is a generic assessment which includes
the possibility of transportation by road, rail or water. It includes the use of Ontario Hydro's
road transportation cask (IAEA Type B) which has already been tested and certified by the
AECB. The UFTA deals only with intact used fuel and not with high-level wastes from fuel
reprocessing. The report states that, depending on Ontario Hydro's future plans for used fuel
management, the UFTA could be considered applicable to transportation to a central long-
term storage site somewhere in Ontario. Although it is intended to be only a reference
document for the EIS, it should be of public interest. Because it was written in 1989 it still
refers to the Concept Assessment Document (CAD) rather than to the current term of
Environmental Impact Assessment.

The generic (i.e the non-site specific) nature of the UFTA requires that the environmental
conditions that form the basis of the study not prejudge the disposal site location or the
routes. For each of three regions within the Ontario part of the Precambrian Shield
(southern, central and northern) a parametric approach was used. Data for routes from
existing sources of used fuel to the geographic centroid of each region were estimated
Average values were developed for distances travelled, population distribution, traffic density,
weather conditions and accident statistics if they were available. In order to construct a
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generalized reference route from the real data a weighting system was developed, although
it is not clear how the weighting factors were determined.

The description for each possible mode of transportation included normal operations and
hypothetical accidents. A considerable number of unverifiable assumptions but believed to
be conservative had to be made where data were not available. Sensitivity analyses were
conducted and mitigative measures recommended. Tables of expected numbers of yearly
traffic accidents are given for each mode. The probable radiological and non-radiological risk
has been estimated for workers in fatalities per year. The worst cases for radiological risk
turned out to be water-road combinations to the northern or central regions amounting to
about one statistical death per century. This was due largely to the necessity of a remote
transfer facility and greater cask handling. The best case was by rail to the southern or
central regions, amounting to about three statistical deaths per thousand years. In
comparison, the worst case for non-radiological risk was road transportation to the northern
region, amounting to about three statistical fatalities per century. Measures are proposed for
reducing these risks which of course result from a preliminary analysis and a system not yet
optimized.

There is an extensive evaluation of the dozens of applicable laws and regulations. Canada
(federal and provincial), USA (federal and state), and international (but no mention of
municipal). The USA has to be included for water routes if they pass through the Great
Lakes or the St. Lawrence Seaway. There would be many additional regulatory authorities
if water transportation modes were seriously considered. The safeguards and security
provisions should satisfy the IAEA requirements. The probability of a hostile diversion of used
fuel, or sabotage of a fuel cask, was considered to be minimal because of the characteristics
of the used fuel itself and the great size and weight of the casks.

Used fuel, mainly from research reactors, has been transported in Canada since the late
1940s. Ontario Hydro has been involved in shipments of used fuel, tritiated water and
reactor wastes since 1963. Approximately 5000 shipments of all types are made each year.
About twenty of these have been shipments of used fuel from nuclear generating stations to
AECL Chalk River Nuclear Laboratory (CRNL) for examination and storage. Within Ontario
Hydro transportation history there have been three accidents involving "strong industrial
containers" of less integrity than the Type B casks. These accidents were severe enough
to damage the vehicles but there was no release of the radioactive contents. Howe^'or, the
report shows that several hundreds of trips per year may be required for over 50 years into
the future.

Because of the hazardous nature of the material to be transported, the most difficult aspect
to assess is the public perception of the risks rather than the actual risks to the environment,
to the public or to workers. The factors which influence risk perception were identified as
the characteristics of the individual, the nature of the risk and the context within which the

risk is evaluated". It was concluded that used fuel transportation can be done in a safe and
acceptable manner. Furthermore, special driver training, equipment maintenance and safety
standards should reduce the probability of cask accidents. Sensitive areas should be avoided
in route selection and an information program should be part of the "impact management
program" in order to reduce the impact from risk perception.

TAC considers the UFTA to be adequate as a reference document for the EIS but draws
attention to the likelihood of public distrust of theoretical risk assessments. Risk perception
may well be the most difficult factor when the time comes for real route selection, so TAC
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endorses the Ontario Hydro proposal, for a public..informatjon_prpgrarn. TAC acknowledges
that most of the aspects dealing with transportation are. in general, beyond our fields of
expertise and we therefore do not plan to review any further reports in the second set which
formed the basis for UFTA. However, we do plan to examine, when made available for
external review, the Pre-Closure Environmental and Safety Assessment Report together with
any support documents that are clearly in our ranges of competence and are relevant to the
science and engineering parts of the program.

2.1.3.2 Post-Closure Assessment -- System Variability Analysis

The importance of system variability analysis methodology as applied to post-closure
assessment of a radioactive waste disposal system leads us to repeat some of our
description from previous reports (TAC. 1988; TAC, 1989). There are two unique
characteristics associated with permanent disposal: (a) no precedents exist fo- such an
endeavour, and (b) there is a very long time-span over which the multibarrier system must
remain effective. Because of the system complexity and the inherent uncertainties in
forecasting possible long-term future outcomes, a form of system variability analysis has been
adopted In this approach, various scenarios are constructed. Essentially a scenario is a
conceptualization of events and processes in a hypothetical combined natural and man-made
system which describes a complete mechanism for some consequence to arise (Ross. 1986).
A scenario development strategy requires a reasonable structure and documentation, and the
so-called "Sandia methodology" (Ross. 1986: Cranwell et al.. 1987) has led the way. The
current Canadian approach has been to identify a central scenario and one or two (originally
three) alternative scenarios. The central scenario defines the situation with the highest chance
of occurring and is described by Goodwin et al.. 1989. The alternative scenarios postulate
such situations as an "unsealed borehole", a high well demand" and an "unsealed borehole
with a high well demand". The effects of variations in the parameters specifying each
particular scenario are assessed since such hypothesized systems, events and processes all
describe possible pathways for radionuclides to leave the vault and eventually enter the
biosphere. A parallel development in Sweden (Andersson, 1989) has refined and advanced
the approach by using the concept of "Process System" instead of central or base case
scenario to facilitate analysis of features, events and processes in a disposal system. Both
the terminology and the approach are commended to the attention of AECL as a potential
clarification and systemization.

Uncertainties in the data gathered through research and the variation of conditions through
space and time are taken into account by assigning a distribution of values to parameters
used in modelling the system. The range of distribution is a measure of two entities. (1)
our current state of knowledge about a particular parameter based on field and laboratory
research, and (2) the inherent degree of variability of a particular parameter. By repeatedly
sampling from these distributions of parameter values for a particular scenario and
subsequently performing simulation studies using these data, a forecast is made of the range
of possible effects and their corresponding frequency of occurrence within each scenario.

Overall TAC_ continues to. affirm its judgment that the concept of system variability analysis
is.a. sound and justifiable approach to environmental and safety assessment provided the
conceptualization of the system, events and processes including all of their component parts
and parameter distributions has validity.
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SYVAC Computer Program

The system variability analysis method is applied through a computer program. SYVAC
(Wuschke et al., 1981). The original version, SYVAC1, was used in the preparation of the
first Interim Concept Assessment Document (ICAD1). and a modified version. SYVAC2. was
used for ICAD2. Further developments have been incorporated into SYVAC3 which will
provide the Concept Assessment results to be used for the EIS. In each of these stages
of development, system simulations are performed by linking a set of three models
representing the three major constituents of the disposal system: the vault, the geosphere and
the biosphere. Significant processes and conditions within each are characterized by sets
of equations. These are, in effect, mathematical expressions of our knowledge about the
disposal system and the phenomena that influence it.

Initial data input to the vault model includes the inventory of radionuclides placed in the vault.
The output terms (i.e. the integrated flux of radionuclides) from the vault serve as the input
terms for the geosphere model. In the third and last model, the biosphere, the analysis
involves the estimation of radionuclide movement leaving the geosphere and travelling through
shallow groundwater, surface water, soil, plants, animals and finally to man. SYVAC thus
treats the three models sequentially and produces from a particular set of randomly selected
values (from an appropriate distribution of the values of each parameter) for each scenario,
an estimate of annual dose to an individual in the most exposed group. The SYVAC2
assessment calculated the maximum annual dose which was taken to be the "consequence"
for a particular computer simulation run. In the SYVAC3 probabilistic assessment, the annual
dose calculated will be the expected or mean value. An annual risk value is then derived
from the sum over all significant scenarios, of the products of the probability of the scenario,
the mean dose figures and the health effect per unit dose.

SYVAC Preliminary Results

Results from the SYVAC computer simulation will be an important basis for judging the
safety of the disposal concept. While the final predictive results from SYVAC3 are not yet
available, preliminary results indicate some trends and factors that may call for special
attention. It was found that the three main contributors to dose are iodine-129 (129I).
technetium-99 ( "Tc) and carbon-14 (14C). 1 4C arises from the neutron bombardment of
nitrogen (N) present in the fuel and containers' gaps, and contributes to the total dose in
the early time periods of the simulations. 99Tc also contributes significantly to the total dose
but in a larger fraction of simulations as well as for a longer length of time. The picture
is completely dominated by 1 2 9 I for time spans beyond 104 years. The impact of 9 9Tc and
especially I in terms of dose contribution is attributed to their neutral characteristics with
respect to retardation processes in both man-made and natural barriers. In contrast, actinides
were not a significant factor despite their long half-lives because they are bound up through
various mechanical and chemical processes in the geosphere.

Two potential pathways were identified as the main determinant of dose: (a) discharge into
a well and (b) discharge into lake/river sediments. In the SYVAC3 geosphere model, the
well is assumed to be fed from a fracture that intersects the vault. Doses from the well
water can reach significant levels when water demand, either for drinking or for crop irrigation
is kept to a certain rate. Above this rate, uncontaminated meteoric water starts to dilute the
contaminated water from the vault. Very high doses can be caused by the lake/river
sediments that are subsequently used for agricultural purposes after the sediments have
turned into soil. An assumption in the model is that radionuclides (predominately 129I)
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discharged into the sediments concentrate over a long time When the river or lake dries
up, and the sediments turn into soil, plants and produce are grown on it or the soil is
transported to an agricultural setting. The probability of this use or disposition of such
sediments would presumably be very small. Doses are received when plants are consumed
by the critical group or by animals which are, in turn, consumed by man. This is a new
pathway not taken into account in the previous assessment and is the dominant dose
contribution in the long term. The possible effects from glaciation were not taken into
account in this pathway. All of the assumptions in the models used in obtaining these
preliminary results continue to be reviewed carefully. The development of more accurate and
realistic data is essential, especially when overly conservative assumptions have been
identified.

A factor which TAC considers worth careful examination is the dose by iodine. Preliminary
simulations show that the 1 2 9 I dose can reach very high levels in the long term because of
the long half-life of the radionuclide and its non-sorptive characteristics. Neither natural, man-
made nor the combination of barriers can effectively prevent 1 2 9 I from reaching the surface
eventually - the barriers only serve to delay the arrival time. The 1 2 9 I output doses in some
cases far exceed the dose that is maximally possible based on the theoretical intake capacity
of the human thyroid. In other words, the thyroid, the target organ of 9 I . can only
absorb a certain amount of the radionuclide and hence can only receive a certain amount
of radiation. The dose calculations made in SYVAC do not take this factor into account and
thus can predict an individual dose far in excess of what is actually possible. However, from
a regulatory point of view, this fact is irrelevant since the regulatory dose limit would be
exceeded long before thyroid capacity is reached.

After these preliminary results, the application of SYVAC includes the adoption of "derived
constraints". These are restrictions placed upon the design or characteristics of the
components of the disposal system in order to minimize radionuclide release. They are
derived" by first identifying those major features, events or processes which are the most

significant contributors to the dose. A salient example is the width of intact rock which
separates a fuel container in the vault from the nearest fracture zone and is one of the main
determinants of output doses. Since present geophysical (non-intrusive) techniques to assure
the detection of a fracture zone from a drift have limitations. 30 m was adopted as a
conservative "derived constraint" for this part of the system.

TAC recognizes that the SYVAC analyses were done as part of the developmental process
for the methodology, and that many of the models and assumptions are conservative. It is,
therefore, proper that those so identified be reviewed and revised whenever more realistic
conditions or more accurate data can be assigned. Such a revision process is presently
underway The final results will have to be judged on the basis of the validity and
correctness of the final models, assumptions and data.

2.1.3.3 Post-Closure Assessment - Quality Assurance

Last year (TAC. 1989) we presented our views on quality assurance of various components
of the post-closure assessment including the development of software, models and data.
Quality Assurance (QA) of these components, as well as of the overall program, is a specific
requirement of AECB (AECB, 1987a). For the last several years AECL has placed a strong
emphasis on this matter, notably in the area of software. With respect to the entire program
in general, policies and procedures were developed and followed for such diverse activities
as the hiring of staff, the procurement of equipment, the design of facilities, the selection of



14

contractors and the production of reports and other documentation. The QA approach is
based on control, review and testing (Sherman, 1989) where each of these steps is clearly
defined, and is in accordance with accepted practice.

Software Quality Assurance (SQA)

Ensuring that the various aspects of software quality, especially those of credibility,
defensibility and peer review, are being addressed has been an expressed concern of TAC.
Two major ongoing recommendations in this regard have appeared successively in our annual
TAC reports and have also been extensively discussed with appropriate staff: (1) development
and/or use of appropriate tools and procedures for software quality assurance and (2)
utilization of simulation environments. We note that the considerable effort made in
addressing the first of the above recommendations is being maintained. At the same time,
we reiterate the desirability of pursuing activities related to the second recommendation.

The executive portion of SYVAC is essentially complete, and comprehensive testing using
various tools and testing packages is under way. Error reports are written for each module
and include a file with errors found by the tools. We understand that the vast majority of
errors detected were of a minor and inconsequential nature. We view the compilation of
these error logs as an essential step in the SQA process as well as a very important
component for peer review. This documentation of results from the testing procedure could
eventually lend credence to the claim that the computer code was correctly constructed.

Last year (TAC, 1989) we expressed concern over the previous adoption of software
development procedures that were modified in order to save time. As a result, several
important steps in the proper software development procedure were bypassed. TAC
recognizes the urgency in producing a functional code to carry out the assessment within
the imposed deadline. However, now that the code is finished, we urge that rigorous and
comprehensive testing be done on the developed code.

It is evident that SQA has received a high priority in the program and we commend the
continuation of such efforts.

Model Quality Assurance

It was noted last year (TAC, 1989) that the three models, vault, geosphere and biosphere,
were completed, or were close to completion. After preliminary runs, the results of which
are described above in Section 2.1.3.2. modifications are being made to all three with the
general intent of identifying and revising those assumptions which are overly conservative
through utilization of the most accurate data possible and realistic conditions. Substantial
documentation for the biosphere model has only recently been made available and TAC is
presently reviewing this. We also intend to review the documentation for the other two
models when made available. These documents are central to a conceptual understanding
and portrayal of a disposal system and to an assessment of its post-closure performance.
On a more detailed level, TAC is presently reviewing the draft documents describing the
submodels which constitute the biosphere model: atmosphere, soil, surface water, and food-
chain. Comments from these reviews will be given at a later date.
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Intrusion Scenarios

One of the requirements in the AECB Regulatory Document R-71 (AECB. 1985) specified
that the significance of inadvertent human intrusion into the vault during the post-closure
period must be addressed. TAC had noted previously that this was an important issue to
be critically examined. A report on this subject has just recently been issued (Wuschke.
1989) where human intrusion scenarios are defined as exposure scenario initiated by a
human action on the disposal site, following closure of the facility". The report, however,
addresses only inadvertent intrusion, i.e. situations in which the intrusion was not intended
and the presence of the waste with its potential hazards is not known. The justification for
this restriction is that in a situation where intrusion is deliberate, such as to recover the
waste, the intruders are assumed to possess the technology to ensure their own safety. TAC
concurs with this line of reasoning. Furthermore, we feel that where intrusion is deliberate,
it would be practically impossible to calculate what the risk would be. Even if assuming that
the probability of successful intrusion is unity (since the intent is there), there are no means
of specifying the value of the consequence factor since we cannot, at present, know what
level of protective technology will be available in the future. Pursuing intentional intrusion
scenarios would not be a productive exercise.

Inadvertent intrusion scenarios have been classified into five categories (Wuschke, 1989):

1. Exposure to undispersed waste, e.g.. during or following a drilling operation.
2. Exposure to waste dispersion by previous intrusions, e.g.. construction or farming on land

with waste dispersed by drilling.
3. Human-induced alteration of the normal evolution of a disposal vault, e.g.. modification

of groundwater flow by construction of a dam.
4 Contact with a contaminated groundwater plume, initiated by a human action, e.g..

intersection of the plume by a well.
5 Contact with materials contaminated by the groundwater plume, e.g., irrigation, farming

on contaminated lake-sediments.

This list of rather general categories appears comprehensive in covering all possible situations
of inadvertent intrusion, and scenarios in the last three categories are included as part of the
overall SYVAC analysis. Wuschke (1989) has focused on the first two categories by
analyzing a representative scenario for each using a computer program obtained from the
United Nations Committee on the Effects of Atomic Radiation (UNSCEAR,1986a and 1986b).
These involved exposure of a member of a drilling crew (Category 1). and exposure of a
resident living over waste previously excavated in a drilling operation (Category 2) The
assumptions made in the construction of these scenarios appear to be logical and
reasonable. However, since this computer code as well as others (USNRC, 1987) to be used
for additional scenario analysis were originally developed for analysis of low level waste, we
urge caution be exercised in the acceptance of results. The code must be critically
examined and evaluated for its suitability for use in high level waste disposal as well as for
use in the Canadian context.

In contrast to the case of deliberate intrusion, specifying the probability (rather than the
consequences) of an inadvertent intrusion in a rapidly changing technological society over
long time spans would not be credible To address this problem, an event tree defining a
sequence of events and/or system failures leading to an intrusion scenario was constructed
Probability values were assigned to each of the events /failures. The product of these
constituent probabilities thus defined the probability of that particular scenario occurring. It
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was recognized that the calculation of such a "prediction" by this approach should not be
used for other than illustrative purposes. TAC concurs with this position and further notes
the usefulness of fhis method in the explicit display of the assumptions made and in
allowance for the evaluation (ranking) of the risks associated with sets of plausible or
implausible assumptions. The sensitivity of the probability of scenario occurrence to these
assumptions can aiso be tested. TAC views this event tree analysis for quantifying
inadvertent human intrusion ..risks to be a valid approach, but notes that the sequence of
events jiiust.__be_careliuliy__chosenLtp_ensu_re_.thai..the...events_are, truly [njiejDendent...Qf_one
another. Otherwise, adding successive events indiscriminately to the event tree will reduce
the probability of scenario occurrence very quickly to zero.

Sensitivity Analysis

TAC has noted (TAC. 1989) that sensitivity analysis of SYVAC data is a necessary part of
Concept Assessment and anticipated an exposition of the overall strategy required. We
understand that each of the three working groups on the vault, geosphere and biosphere is
carrying out sensitivity analysis of its own model. These results will then be used to conduct
the overall analyses of the entire SYVAC system output. A method called fractional factorial
statistical analysis has recently been adapted specifically to address the latter need. Previous
attempts at implementing sensitivity analysis for the entire system have met with limited
success. The major obstacle was the large number (about four thousand) of parameters
involved. Identification of important parameters from this large set by traditional statistical
means based on many thousands of simulations and consequent major computer time and
labour proved inadequate due to large sampling errors. The new method takes a more
systematic approach to doing the sampling. Basically, many small statistical experiments are
conducted in each of which all parameters are randomly assigned to a small number of
groups. Important parameters are clearly identified if their numbers are small. If there is
a large number of important parameters, determination of specific ones becomes more difficult
although their presence would be indicated. Based on preliminary results, TAC deems this
fractional factorial statistical analysis a potentially promising approach to solving a very difficult
but very important problem confronting not only the CNFWMP but other national and
international programs as well. The final sensitivity analysis results to be produced by this
new method should allow a definitive judgment to be made about its importance and value.

Uncertainty Analysis

A certain degree of uncertainty is always associated with any model prediction. The sources
of this uncertainty include those from the models themselves, from the data being used and
from the scenarios chosen. Uncertainty arises in models in their conceptualization and
foundation, in their mathematical expression and in their application; in data which may not
be comprehensive or even exist, may contain measurement error and may contain inherent
variability; and in scenarios in their definition and formulation, in their scope and
comprehensiveness and in their application over long spans of time.

Concept Assessment has reached a stage whereby its constituent models and data are
being finalized, tt ]s. therefore, an appropriate time to carry out uncertainty analysis to
gua']tjfy_the uncertainty in the model output in terms of suitable probability statements_whjch
would be measures of the confidence to be placed in the model predictions. Uncertainty
analysis would also determine to what extent the models are suited to the purpose intended,
and identify and rank the most important contributors to the uncertainty.
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2.2 ENVIRONMENTAL RESEARCH PROGRAM

2.2.1 Program Objectives and Approach

The Environmental Research Program in the NFWM program is designed to provide the
information necessary to ascertain the potential impact of radionuclides on humans should
such radionuclides reach the biosphere. The biosphere model documents the pathways by
which radionuclides will travel from the geosphere to humans and estimates the consequences
to humans from exposure to them. The consequences are calculated for a member of the
critical group as defined by AECB (1987a).

The biosphere model is composed of fully integrated surface water, soil, atmosphere, and
food-chain/dose submodels. The biosphere model is essentially generic although a portion
of the information on which it is based arises from specific investigations at the Whiteshell
Research Area. The model utilizes information pertinent to Canadian conditions, and is
applicable within SYVAC for overall safety and environmental assessment of a complete
disposal system. The documentation to be contributed from the Environmental Research
Program is focussed on the biosphere model and its component submodels. These are
discussed below in turn, including our evaluation of the documents which have been
completed in draft form. Preparation of the remaining documents appears to be well
advanced, and TAG will review these as they become available. Some environmental
research supportive of the biosphere model and its further refinement is continuing and is
commented on in the final subsection.

2.2.2 The Biosphere Model Report

The biosphere model report is still in preparation although the introductory chapter and the
chapters describing the biosphere model as a whole and the biosphere/geosphere interface
have been completed. The integration of the four submodel reports will constitute further
chapters and the report will finish with sections on evaluation and site-specific aspects.

For Concept Assessment, as described previously (Section 1.2), a central scenario will be
addressed in which radionuclides are transported by groundwater flow from the vault through
the geosphere to the biosphere as well as cJditional alternative scenarios. A number of
improvements over the model presented in ICAD2 have been incorporated into the current
biosphere model including a more refined treatment of the biosphere/geosphere interface, the
size of households, the amount of agricultural production necessary to sustain these house-
holds, and a number of additional sources of potential radiation impacting humans.

TAC has reviewed the portions of the draft document that have been prepared to date
TAC's preliminary assessment of this material finds it to be appropriately organized and clearly
written. A more detailed review will be undertaken when the complete document has been
received.

2.2.2.1 Surface Water Submodel

A draft of the surface water submodel report has just been received. The surface water
submodel describes and calculates the mass balance of radionuclides in a lake system. The
input to the submodel is the radionuclide mass emerging from the geosphere and entering
the lake water through the lake bottom. The surface water submodel calculates the
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behaviour and concentrations of radionuclide in the various lake compartments. These
concentrations serve as input to other biosphere submodels.

A review of this draft document by TAC is in progress. Comments will be provided to AECL
in the near future and a general assessment of it will be offered in the next TAC report.

2.2.2.2 Soil Submodel

The soil submodel calculates the distribution of radionuclides in the sub-saturated soil horizon
subsequent to the arrival of these radionuclides through the groundwater or through irrigation.
The values of radionuclide concentration that are derived then serve as input values to the
food-chain/dose submodel (CALDOS) as these radionuclides are traced through various
pathways to man. The relevant pathways include transfer to plants and to animals used for
food, and to building materials, and human ingestion of soil. Ti.a concentration of
radionuclides in the surface soil is also an input value to the atmosphere submodel. A draft
report was reviewed by TAC last year (TAC, 1989) and comments on the organization and
text were sent to AECL. A revised draft report has been received and reviewed recently.
The reviewed draft report is a substantial improvement over the first draft but some further
editorial revision is needed. A list of comments and queries has been prepared and sent to
AECL.

2.2.2.3 Atmosphere Submodel

The atmosphere submodel report (Amiro, 1990) deals with the suspension of radionuclides
in the atmosphere from surface soil or water, the transport of these radionuclides through
the atmosphere, and the subsequent deposition of these materials on surface vegetation. The
submodel report also includes the treatment of gaseous radionuclides that may be released
from the ground or vegetation. The concentration of radionuclides in the air in dwellings and
in the general atmosphere, which are treated separately, provides the relevant data for the
calculation of the radiation dose to man due to air immersion or inhalation in the food-
chain/dose submodel (CALDOS). The deposition of radionuclides on surface vegetation also
provides a source of radionuclides that is further considered in the latter submodel.

The report first describes the role of the biosphere model and the atmosphere submodel in
the context of the total NFWM Program. The second part provides the background for the
development of the submodel and its general nature. The third section presents the
equations and parameters for the submodel including suspension and dispersion from
terrestrial and aquatic sources as well as from fires. A reasoned description of the processes
that are not modelled is included. Transport and concentrations of radon, carbon dioxide
and iodine for both outdoor and indoor situations are treated, and then deposition of
radionuclides to surfaces. The fourth part of the report provides a summary of the submodel
and a description of its relationship to other submodels. The fifth and sixth parts of the
report discuss the evaluation and testing of the model and parameters against observed
results. A summary table of parameters and dimensions is provided.

Last year TAC (TAC, 1989) commented favourably on the good quality of the draft
atmosphere submodel report. The revised and final draft has been received, and review of
it is presently underway.
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2.2.2.4 The Food-Chain/Dose Submodel

A second draft of CALDOS, the food-chain/dose submodel, has been received. The input
to this submodel is the concentration of radionuclides that may occur in soil, surface water,
the atmosphere or a well as determined from the output of the geosphere either directly
(through a well) or as calculated from the three submodels mentioned above. The food-
chain/dose submodel then traces the radionuclides to man directly or to man through plants
and animals by a variety of pathways and calculates the radiation dose due to radionuclides
from food, drinking water, soil ingestion and inhalation. The food-chain/dose submodel also
calculates external dose for man from air immersion, water immersion and ground exposure
and from exposure to building materials. The radiation doses are calculated using the ICRP
reference man for a critical group living in the vicinity of the discharge zone and deriving
his food, water and building materials from within that zone.

The report consists of a brief introduction to the NFWMP and a description of the place
occupied by the biosphere model and CALDOS. The second section deals with the historical
and comparative development of the submodel and the determination of the sources of
uncertainty in it. The third section documents the exposure pathways that are included or
excluded from CALDOS. Most radionuclides are handled through a multiplicative chain, using
element-specific transfer coefficients to estimate transfer to man. Carbon-14 and tritium are
treated by specific activity models based on air and surface water respectively. The radio-
nuclides (including daughter radionuclides) that must be considered are described. The
justification and assumptions for the ingestion pathways are considered and the equations
presented for calculating the radiation doses from such pathways. External exposure to
radiation sources is also treated comprehensively. The fourth section briefly considers the
role of sensitivity analysis in identifying the influence of parameter variability on model
predictions. In the fifth section the parameters that will be used in the food-chain/dose
submodel are presented and the origin and reasons for selection of each parameter fully
described along with appropriate literature citations. The presentation is exhaustive and
detailed with the choice of parameters fully justified. The sixth section describes the methods
used to evaluate and test the model and its reasonableness, with clear indication of the
limitations in achieving full validation of such a model. The report includes a considerable
number of tables and figures which present information in summary form, and appendices
which include a description of the production of radioactive daughters, a listing of all of the
parameters with their dimensions and references to the equations in which they are employed.
The list of model parameters is particularly useful for cross-reference.

Last year (TAC, 1989) TAC received the first draft of this document and found the report to
be thorough and comprehensive. A review of the second draft by TAC is in progress and
comments will be forthcoming for AECL and for the next TAC report.

2.2.3 Ecological and Other Factors

It has generally been assumed that if humans are protected from the effects of radionuclide
release, the plants and animals of the general environment will also be protected and suffer
no damaging effects. While this may be a reasonable assumption, some consideration of
this general environmental matter will be undertaken. A draft report on radiobiology, dealing
with the general principles and biological consequences of environmental radiation exposure
is in preparation. A draft report on radioecology has just been received which deals with
current radionuclide concentrations in the environment and the effects of radiation on
organisms present in the Canadian Shield. A review of this draft is planned for the near



20

future. TAC considers such work to be appropriate In the context of concern for the total
future environment.

In the development of the biosphere model it has been assumed that current environmental
conditions prevail and long-term environmental change such as that due to glaciation has not
been considered. The possible effects of glaciation on the rate of radionuclide release to
the biosphere, however, is being treated in a separate report on glaciation (Ates, et al., 1989)
which is presently undergoing revision.

2.2.4 Continuing Research

Some research continues on elements of the biosphere that are poorly understood or defined.
The measurement of helium in lake water as an indicator of deep groundwater discharge
continues. Determinations of the movement of radionuclides in soils is being further
investigated with these studies including the absorption of I". Cl', Br' and F' by plants and
their leaching from soils and the loss of 14CO2 from soils. Further studies are also being
conducted on turbulence in forest canopies. TAC considers that this research is entirely
appropriate to the NFWMP and that it should be continued.

2.3 GEOSCIENCE RESEARCH

2.3.1 Geoscrence Program

The geoscience research program involves the largest group of professional staff within the
Canadian NFWMP. Research is concentrated at the Whiteshell Research Area (WRA) in
Manitoba which includes the Underground Research Laboratory (URL) within the Lac du
Bonnet granitoid batholith of the Superior Province of the Canadian Shield. The objectives
of the research are to refine the technologies developed to locate and to characterize
potential disposal sites and to develop a regional geosphere model of the WRA that can be
used in performance assessment of a hypothetical vault. Field work continuing at two
additional research areas, Atikokan in northwestern Ontario, and East Bull Lake near Massey,
Ontario, includes hydrogeological monitoring of existing boreholes to provide data for future
modelling studies and monitoring of surface water conditions.

In succeeding sections we deal separately with various linked components. Hydrogeological
investigations are central to the geoscience research program since groundwater, moving
through a fracture network, would be the transporting medium for waste within the barrier
provided by plutonic rock. Geomechanical research is concerned with the excavation of a
vault and the subsequent behaviour of the rock mass affected by the vault and its contents.
The possibility that residual elastic strain energy is significant at vault depths and could lead
to fracturing in the vicinity of the vault has received close attention. Geological, geochemical
and geophysical research over the past decade has concentrated on the detection and
description of fracture systems and the groundwaters and minerals contained within the
fractures. Natural analog studies have also been carried out to supplement laboratory
research.

Hydrogeological modelling integrates all aspects of the geoscience research program and
provides the basis for the performance assessment of any disposal vault. Another important
integrating factor in the overall program is the URL where all facets of the geoscience
research program are involved. The URL has been particularly successful in determining the
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geomechanical response of granitic rock to excavation at vault depth, and in verifying the
treatment of hydraulic conductivity used in groundwater flow models.

Considerable benefit to the geological research program in Canada is being obtained from
cooperation with other countries which are also planning the containment of nuclear wastes
in bedrock. Particular mention can be made of the Swedish and Swiss programs where,
following public assessment and international scientific review, the disposal of high-level wastes
in plutonic rock has received approval from the individual governments. Both countries
maintain an active research program which is of relevance to Canada. For example, a recent
study carried out in Northern Sweden (Bachblom and Stanfors, 1989) documents a period
of post-glacial faulting triggered by deglaciation and substantiates Canadian experience on the
effectiveness of topographic analysis in combination with aeromagnetics for locating faults in
Precambrian rock.

2.3.2 The EIS Geosphere Reports

TAC has made assessments of progress in the geoscience program over the past two years,
primarily on the basis of site visits to WNRE, some AECL reports, published literature and
a few TRs, including the semi-annual status reports. General geological considerations for
waste disposal in Canada have been briefly summarized (Dormuth et al.. 1989; Davison et
al., 1989). A written description of the geoscience program, compiling and analyzing the
research of the last decade, will be given in two volumes of the EIS with further detail in
additional supporting documents. The two primary volumes will describe the siting technology
and the geosphere model. Most of this material on the geoscientific aspects of the EIS is
not yet available to TAC, and so comment is not possible.

2.3.3 Geology

Geological field research is now concentrated on the Lac du Bonnet batholith and
surrounding rocks. The batholith has been mapped at a scale of 1:50000 and mapping is
continuing on rocks adjacent to the Lac du Bonnet unit. In addition to lithologic data, the
studies are measuring fracture frequency and orientation as well as minerals and radiometric
ages of the fracture fillings.

Fractures in the vicinity of a vault could lessen the isolation time of nuclear wastes in an
area of hydrogeologic discharge. An important geological question is therefore the size of
unfractured blocks of rock that exist in the Canadian Shield. A related matter is the ability
of geoscientists to detect fracture-free rock bodies of dimension sufficient to make the
geologic barrier effective. TAC continues to support a substantial geologic research program
on fracture systems and suggests that consideration be given to extending such studies to
existing mines and drill core to further our understanding of the distribution of fractures at
depth in rocks of the Canadian Shield.

In the previous TAC report (TAC. 1989) reference was made to the tendency of deep drill
core and rock at the 420 m ievel in the URL to spall to a greater extent than was observed
at shallower levels. It is possible that residual elastic strain energy in the isotropic rock of
the Lac du Bonnet structure is one of a number of factors in causing this spalling. TAC
suggested that less isotropic rock such as is typical of much of the Canadian Shield might
be less susceptible to the storing of elastic strain. The extended geological research that
is being carried out in gneissic rock outside of the Lac du Bonnet batholith is therefore
valuable both for its contribution to understanding the regional groundwater flow-system in
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the WRA and its potential contribution to our understanding of the geomechanical
characteristics of gneisslc rock.

The high quality ut the geological research in Canada is evident in recent publications
(McCrank et al., 1989; Stone et al., 1989). These publications describe fracture systems and
other features of the three principal field research areas at Whiteshell, Atikokan and East Bull
Lake. TAC considers the concentration of the geological research program on fractures to
be appropriate in view of the importance of fractures and fracture-filling minerals to the
effectiveness of the geologic barrier.

2.3.4 Geomechanics

Geomechanics research is being carried out to elucidate the response of rock mass to
stresses imposed by mechanical and thermal disturbances associated with construction and
operation of a deep disposal vault. In order to understand and be able to predict and
simulate under natural conditions the behaviour of such a mass, its most relevant parameters
have to be determined as a function of scale, environmental conditions, state of ground
stress and the type of loading. For this purpose, experiments are being carried out both
in the field, ranging from the tests on small rock specimens to the direct observation of
large-scale rock mass response to changes of stress and/or temperature. At present the
URL is the major focus of all of these activities, including the supplying of rock cores for
laboratory testing of rock specimens.

2.3.4.1 Rock Characterization at the Small Scale Level

In a continuing effort to characterize properly the behaviour of intact rock especially in
connection with the URL experiments, an investigation was undertaken during the past year
to elucidate the effect of specimen size on certain of its mechanical properties (Jackson and
Lau, 1990). Such information is essential both as a basic intact rock response parameter
and in connection with the evaluation of possible scale effects on in situ stress measurement
results, even though the grey granite from the URL showed essentially the same kind of scale
effects as most brittle rocks, i.e., its uniaxial compression strength and tangent modulus of
elasticity decreased with increasing specimen size in a power-law fashion. It still remains to
be seen how the scale effects are affected by other vault conditions such as confining
stresses, humidity changes and thermal loading.

As for the time effects on the mechanical response of intact rock, the WNRE analytical
model of "Microcrack-Driven Intact Rock Creep" (MDIRC) has been further developed, and an
attempt was made to use it as a basis for prediction of creep closure of a shaft in such
a rock (Wilkins and Rigby, 1989). While this is a useful new theoretical contribution towards
clarifying the time-dependent response of rock around underground openings and has been
evaluated by field observations (Appendix V). TAC still supports its previous judgment (TAC.
1989) that the experimental side of this problem should be extended. Aspects of
microcracking and brittle fracture that would benefit from further investigation include, for
example, (a) the effect of confinement on the distribution and size of microcracks (Zheng et
al.. 1989); (b) dilatancy associated with failure and post-failure behaviour of intact rock: and
(c) hydration of newly formed fractures. In regard to this last item. Pusch (1989) has noted
that fresh surfaces of many minerals may rapidly become covered with thin smectitic films.
The potential swelling and softening ot rock with such neotormed smectite may cause surface
fracturing and eventual rock matrix disturbance.
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2.3.4.2 Rock Characteristics at Medium and Large Scale

One of the most important ultimate goals of the Canadian NFWMP is to demonstrate the
ability to predict, from a limited amount of data, the short- and long-term behaviour of rock
masses surrounding the vault when they are submitted to changes of stress, temperatire,
humidity and other time-dependent factors. The URL Characterization Program relates fn this
objective as it seeks to supply the basic field information on the medium and large scale
rock mass behaviour which is needed for vault design. This goal is being achieved through
a combined program of large-scale testing and computer simulation of phenomena observed
during construction and operation of the URL. During the past year, an increased interest
in investigating the shear behaviour of infilled rock joints, especially in connection with such
joints occurring in the Fracture Zone 2 of the URL, has been shown (Jackson et al., 1989).
This is clearly necessary because such joints behave differently from clean interlocked ones
in the mass, giving the rock mass much greater deformability and lower strength. Thus
characterization of such fracture zones containing fractures with clay-like infilling deserve
special attention as evidenced by a number of papers presented at the recent International
Conference on Rock Joints in Loen, Norway.

At a vault scale TAC considers that the Excavation Response Test and the Mine-By
Experiment are of particular importance for improving the ability to predict the behaviour of
a rock mass. As previously noted (TAC, 1989) "Both of these should give an excellent
opportunity for modellers to test their predictions with the actual large-scale behaviour of rock
mass and to use back analysis for determining the true mechanical properties of the rock
mass at a large scale. For excavation response, a "Connected Permeability Test" is also
under way and is intended to measure the hydraulic conductivity of the excavation-damaged
zone in the floor of URL Room 209. Parameter sensitivity analyses have been performed
using a 3-D MOTIF code for the Geosphere Model of the WRA. This includes consideration
of disposal vault shafts, underground tunnels, disposal rooms backfill, rock barrier pillars and
excavation-damaged zones surrounding the excavations.

The steps taken towards general rock mass characterization including the development and
use of a 3-D model as previously noted (TAC, 1989) are well directed, and merit continuing
support and effort. Results are awaited with interest.

The need for a constitutive model to describe the stress-induced behaviour of the URL
granite around underground excavations has been pointed out in several previous TAC
reports. TAC now notes that an effort in this direction is being undertaken.

2.3.4.3 In Situ Stress Measurement

In TAC-10 (TAC. 1989) and in discussions during the last year, a concern was expressed by
TAC that in situ stress measurements by overcoring may be affected by core damage and
core discing during drilling and overcoring under high lateral stress conditions, as well as by
the presence of residual stresses in granite. These concerns are being addressed in a
systematic manner. The work has been described in several recently published papers and
reports (Lang et al., 1987; Martin et al.. 1990a: Read, 1990). This comprehensive
experimental investigation, conducted over the past five years, has led to a number of
significant observations and conclusions (Read. 1990). It was observed that residual strain
at the 240 m level of the URL represented a residual stress of less than 3.3% of the major
principal far-field in situ stress component. No unique orientation of the principal residual
strain components was discernable. Scale effects did not significantly affect the measured
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in situ residual strains. This indicated that more economical 96 mm diameter overcoring
could be used instead of larger-size overcoring where core discing is not a problem. Time-
dependent behaviour represented by an increase in volumetric strain between successive
overcore tests was also noted.

A comparison of several different methods for in situ stress determination at the URL site
(overcoring, hydraulic fracturing, vent raise experiment, under-excavation, and convergence)
has also led to the conclusion that "overcoring and hydraulic fracturing do provide consistent
comparable magnitudes, provided the hydraulic fractures are parallel to the borehole axis"
(Martin et al., 1990b). TAC considers this kind of comparative work to be essential.

2.3.4.4 Disposal Centre Engineering

Pursuing its recommendations expressed in TAC reports since 1985 concerning a need for
studying container emplacement options other than that of in-floor emplacement, TAC notes
that the technical specifications for an in-room emplacement study are being prepared
(Wright, 1990a). In-room emplacement may have advantages in avoiding slow and expensive
rock drilling, rock damage and complex container placement in the boreholes.

In connection with the vault design and construction, a concern was expressed in TAC-10
(TAC, 1989) about the danger of rock spalling under high lateral stress conditions, as
encountered at a relatively shallow depth in the URL. and as may be expected at any
selected vault site. TAC has therefore suggested the inclusion in the laboratory rock
characterization program of the determination of the Burst Proneness Index which can be
deduced from ordinary stress-strain behaviour of rock in uniaxiai compression tests (Kidibinski,
1981; Singh, 1988; Mei and Lu, 1987). The index may be found useful for comparing
bursting liability of rocks at the time of site selection investigations. An alternative method
for determining rock spalling liability and the degree of excavation damage was described
recently by Chandler and Martin (1990). The method is based on the ratio of the maximum
in situ stress to the unconfined uniaxiai compressive strength of intact rock and uses the
Hoek and Brown (1980) criteria for spalling applied to this ratio where 0.1 represents no
spalling. 0.3 severe spalling and 0.5 possible rock burst conditions. Applied to the URL,
these criteria describe reasonably well the conditions that exist above and below Fracture
Zone 2 (FZ2). Above FZ2, where the ratio of stress to strength is less than 0.2, spalling
is minor to non-existent. Below FZ2 minor spalling occurs to an extent where wire mesh
and rock bolting is required for safety. Some measurements here show a ratio of about 0.3
which would correspond to severe spalling. Thus this method appears to be a useful guide
for identifying areas where excavation design must be based on measured in situ stresses.

Recently Pusch (1989) has analyzed the influence of various excavation techniques on the
structure of physical properties of "near-field" rock around large boreholes. He notes that
"the fissuring that is produced in the borehole walls by percussion drilling as well as by all
forms of rotary drilling, and also by the stress concentration at the corners, yields an
increase in axial (hydraulic) conductivity by orders of magnitude of a few centimetres deep
zone around the boreholes. Such zones do not contribute much to the gross permeability
of the near-field, but will serve as short-circuits between major natural fractures and facilitate
water flow along the holes." Nevertheless, a recent numerical study made by Chan and
Stanchell (1990) leads to the conclusion that shafts and tunnels sealed with the reference
backfill material, as well as excavation-induced damage of the rock surrounding the
underground openings, do not necessarily provide preferential paths for fast connective
containment transport. The main reason is "that the hydraulic gradient is not parallel to the



shafts and tunnels or the relatively thin excavation damage zone, so that a water particle
originating from, or having entered, these more permeable zones will not stay there very long
before exiting to the surrounding, less permeable rock." Such studies should be taken into
account in both the conceptual engineering design of a vault, and in assessing the validity
of the assumptions made in a vault model.

2.3.5 Underground Research Laboratory (URL)

The URL is a geotechnical research facility located in a rock body near Lac du Bonnet,
Manitoba and which is representative of the geologic media being considered for the disposal
of high level nuclear waste in Canada. The in situ research and development activities at
the URL contribute to AECL's assessment of the feasibility and safety of a deep geological
disposal system.

As previously summarized (TAC, 1989: TAC. 1988). the URL project consists of a three-phase
program: (1) site evaluation, (2) construction phase, and (3) operating phase. Site
evaluation began in 1980 and is continuing. The construction phase commenced in 1982
and a rectangular shaft 2.8 m by 4.9 m cross section was completed to a depth of 255 m
in 1985. Between 1985 and 1987 the 240 m level access tunnels were developed and a
ventilation raise was excavated between the 240 m level and the surface. During 1987 and
1988 the shaft was extended with a 4.6 m diameter circular cross section to the 443 m
depth. The final construction phase of the URL was the excavation of the 420 m station,
and the access tunnel to the bottom of the ventilation raise along with its completion
between the 420 m and 240 m levels. During the construction phase of the URL the
disturbance to pre-existing conditions caused by the construction was continuously monitored
during the development, and the excavation operations were integrated with on-going
characterization and experience. TAC's favourable assessment of this experimental approach
has been given in previous reports (TAC. 1989: TAC. 1988).

Following compl&i-^n of the construction phase, a core program of nine in situ Operating
Phase Experiments has been instituted. The detailed objectives for each have been
technically assessed and supported by an ad hoc Peer Review Panel. These Operating
Phase Experiments place an emphasis on large scale multi-disciplinary experiments either to
evaluate them as characterization methods for possible use at a potential disposal vault site
or to evaluate at full scale the performance of selected materials and the feasibility of the
operations necessary for implementing the geological disposal concept.

The URL Operating Phase Experiments incorporate all ongoing research activities at the facility
and are now specified with the following titles: (1) Solute Transport in Highly Fractured Rock.
(2) Solute Transport in Moderately Fractured Rock. (3) Grouting Experiment, (4) Buffer/
Container Experiment, (5) Shaft Sealing Experiment, (6) Multicomponent Experiment, (7) URL
Characterization Program. (8) In Situ Stress Program, and (9) Mine-By Experiment. Additional
experiments are being carried out in the URL on behalf of or in cooperation with other
countries' programs, specifically those of Japan and the U.K.

Brief descriptions of each Operating Phase Experiment are given in the semi-annual status
report of the CNFWMP (e.g. Wright. 1990a. 1990b) along with summaries of progress in
each, where applicable. Of the experiments listed above, only 1. 4. 7 and 8 have been
initiated with the latter two. those dealing with characterization (Simmons. 1990) and in situ
stress (Martin et al., 1990a, 1990b) having been incorporated throughout the construction
phase as well. The design of the Mine-By Experiment has been completed and initial



26

excavation has commenced. In this report, TAC-11, any specific comments on the
experiments are given in the appropriate sections, e.g. the buffer/container experiment under
Buffer Development.

The URL provides the site and focus for the integrated geoscientific studies in hydroqeoloqy,
hydroqeochemistrv, geology, geophysics and qeomechanics which are needed to give a
coherent framework for characterization of a disposal site. TAC deems the Operating Phase
Experiments giving effect to this to have been carefully planned and well assessed. The
technical recommendations by the external Peer Review Panel have been carefully considered
and essentially incorporated in the present experiment plans. The assurance that the
experimental program is being centred at the 420 m level meets the Panel's strong
recommendation, one with which TAC firmly concurs.

The Operating Phase program is comprehensive, the objectives are carefully specified, the
priorities are realistically assigned, there is full recognition of the need for sensitivity to the
interrelationships and interactions among the experiments, and there appears to be adequate
flexibility in experimental design to match the complex nature of the measurements and
observations involved. Management arrangements seem conducive to efficient experimental
procedure, and the schedule both realistic and adaptable to any major exigencies.

2.3.6. Geophysics

Geophysical research is directed toward regional geological investigations and ti;i» development
of technologies for future site selection and vault construction. A combination of regional
gravity and magnetic maps has been quite successful in delineating changes in rock
properties and has aided in mapping geologic formations. Previous regional airborne and
ground surveys were re-examined and additional analysis was performed on existing data for
the Lac du Bonnet area. The Vertical Magnetic Gradient was calculated and the resulting
map clearly showed features which correlate better with the geologic features of the Lac du
Bonnet batholith and surrounding country rocks than do the features and trends of the
original Total Magnetic Field Map. It has been possible to identify the transition zone from
granodiorite to gneiss to the granite of the batholith. Rock magnetic susceptibility has been
measured on the cores ,'rom a few representative boreholes in order to compute theoretical
models which best account for the observed magnetic anomalies (Wright, 1990a).

A regional gravity survey (involving the establishment of over 500 new stations) was carried
out during 1989, adding several traverses across the batholith. These made it possible to
produce a Bouger Gravity Map which shows a deep negative anomaly (-7 milligals) over the
batholith Mathematical modelling using appropriate rock densities permitted the determination
of the most likely shapes, dips and depth extents of the rock formations observed at the
surface. The best models, using the combined aeromagnetic and gravity data, suggest that
the batholith may extend to a depth of 12 to 20 kilometres (Wright, 1990a).

Data previously obtained from standard seismic reflection surveys have been reprocessed and
some improvement has been accomplished in the signal-to-noise ratio by using seismic
velocities obtained from in situ borehole measurements. This increases the possibility of
extracting useful information about sub-surface fracture zones from standard reflection surveys.
The seismic data confirm the south-east dipping contacts and fracture zones.

Because fractured rock is easily erodible. valleys filled with highly conductive overburden tend
to form at the surface over fault zones. A combination of refraction seismic and air-borne
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electromagnetic surveys in the Lee River area, northwest of the URL property, has been used
successfully to determine overburden thickness and to identify such buried valleys (Wright,
1990b).

The six (AECL supported) regional seismic monitoring stations have performed well, with a
minimum recording time of greater than 95%. Both local earthquakes and mining-induced
seismic events are regularly observed in the Precambrian Shield. Most of the events are
minor with the largest earthquakes having a Richter magnitude of less than 3.5 (Wright,
1990a). However, there was one unusually large event of magnitude 6.1 in the Ungava area
of Northern Quebec on 25 December 1989 (Wright, 1990b). It is not possible to predict the
location, time of occurrence or magnitude of individual earthquakes.

Extensive geophysical well-logging has been carried out in the WRA including: impeller
flowmeters; temperature/fluid resistivity; acoustic velocity; a full suite of nuclear, borehole TV
and borehole radar (Wright, 1990a). The latter were employed at URL in single holes and
in pairs to collect tomographic data. Significant electrical conductors were identified and
correlated with water-bearing fractures and the overburden/bedrock interface. Radar
tomography is being used underground to predict rock conditions during the excavation for
the Buffer/Container Experiment room (Wright, 1990a).

An advanced prototype instrument for conducting cross-hole seismic tomography is now fully
operational. From the arrival times of P and S waves the wave velocities are determined.
Knowing the rock density permits the determination of the dynamic Poisson's ratio, the
Young's modulus and the shear modulus of the rock which will be valuable in vault design.
Fractured and incompetent rock attenuates the seismic waves, i.e. such rock has a low
"seismic transparency" (Wright, 1990a).

TAC considers the geophysical research to be well-conceived and of excellent quality. The
applicability of geophysical surveys in regional investigations is now well established.
Reprocessing of existing seismic data should be continued. Emphasis should be maintained
on underground geophysical methods in support of future site characterization and vault
design.

2.3.7 Geochemistry

Retardation of radionuclides as a result of chemical processes within the geosphere and the
study of the processes themselves are the focus for the geochemical research program.
Important current research projects include studies of rock-water interaction, the sorption and
diffusion of radionuclides, colloid formation and properties, and speciation of radionuclides.
Laboratory projects are also underway to study both the simultaneous interaction of buffer-
rock-fuel components in the presence of groundwater and the migration of radionuclides
through fractures in quarried blocks of granite.

2.3.7.1 Isotopic Studies

Isotopic systems are being used to determine the geologic history of veins and the host
plutonic rock associated with the veins. The Eye-Dashwa Lake Pluton, for example, has been
investigated by Rb-Sr whole rock and mineral isochrons, U-Th-Pb systematics, as well as
Sm-Nd, K-Ar, and fission track methods (Peterman and Kamineni, 1990). The Rb-Sr whole
rock method gives an age (based on 21 samples) of 2637 (plus or minus 33) million years
for the pluton. This result is supported by model age determinations using U-Pb and Sm-Nd
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data. The isotopic data from fracture systems indicate that the fractures remained open io
solutions long after the crystallization of the pluton. An age of 1850 million years is
suggested for gypsum occurring in fractures and ages as young as 376 million years have
been obtained for apatites dated by fission track studies. The fission track data also indicate
that the apatite has not been heated to temperatures above 100°C since its formation.

These isotopic studies demonstrate that fracture systems in the Eye-Dashwa Pluton are
permanent characteristics of the pluton. Present fracture systems appear generally to show
the location of past fracture systems. This suggests the distinct possibility that under future
tectonic activity the rock will continue to yield at the same places. The results also
demonstrate the long term stability of the Canadian Shield with its potential for remaining
undisturbed by structural changes for periods of hundreds of millions of years.

2.3.7.2 Radionuclide Sorption

The mathematical model to account for radionuclide sorption in the geosphere to be used
in the EIS has now been finalized. Since it is not feasible at this time to deal specifically
with the details of all possible sorption processes and the heterogeneity of the minerals lining
the fracture surfaces, an empirical approach is used to estimate radionuclide retardation.

Sorption of a radionuclide on a mineral surface is expressed through a sorption coefficient,
k^, which gives the ratio of the amount of nuclide sorbed in moles per gram of mineral to
the concentration of the nuclide in the solution in moles per millilitre. Treating this value
as a constant assumes that equilibrium has been reached, with the processes being
reversible. It is not always certain that these conditions are achieved in the time scale of
laboratory measurements. Values of sorption coefficients obtained in measurements by
laboratories in many countries are being compiled in international data bases. In addition,
AECL has studied sorption specifically on the alteration minerals of the type found in fractures
in the WRA. The parameters that have the biggest effect are the salinity of the groundwater,
expressed as the total dissolved solids, and the concentration of the sorbing species. The
pH also has an effect, but its value is related to the buffering capacity of the minerals.

To be applicable to the stochastic approach of SYVAC. relatively simple equations relating
k^ to its governing parameters must be used. In the flow paths for the groundwater, a
variety of mineral surfaces will be encountered. In the approach being used for each mineral
type, k^ is expressed as a polynomial, with the variables being total dissolved solids in the
groundwater, and the concentration of the sorpting species in the aqueous phase. The
coefficients are determined by laboratory experiments.

In treating transport and retardation in the geosphere, the transport is represented as along
a series of one-dimensional flow paths. The transport equation used in GEONET (see
Section 2.3 10 below) assumes a constant concentration along each segment. Thus the
terms in the polynomial expression for kd which depend upon radionuclide concentration
cannot be used directly. Instead they are modified by using a probability distribution function
related to the variation in concentration along the segment of the flowpath. In addition, the
expression for kd is multiplied by another error function, representing the uncertainty of kd

resulting from the fitted equation. Using the best available data, tables have been drawn up
for each nuclide, giving the values of the ten coefficients in the polynomial for k j for each
of sixteen rock and mineral surfaces, plus the associated error function.
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It appears that for many radionuclides on many surfaces, data are not available to evaluate
all of the coefficients in the polynomial. Furthermore, in many cases, uncertainties in the
available data may be considerable. There is a need for increased information in the
sorption data base, in particular for key radionuclides. For these also, an increased
understanding of the details of the applicable sorption processes would be desirable in order
to assess the implications of the use of the kfj approach to retardation estimations.

The k^ values are used to calculate retardation factors for the nuclide as they are transported
through the rock by the flowing groundwaters. The factor is defined as the velocity of the
groundwater divided by the velocity of transport of the nuclide. The equation for this factor
includes values for the rock density and porosity, as well as the value of k^. The form is
such that as the porosity value decreases to small values, the retardation factor increases
considerably. The question arises as to whether the values of k^ which are used should be
considered to be constant for all porosity values.

Sorption coefficients are usually determined in the laboratory using fine-grained crushed rock
In the transport models they are used for movement through intact rock of low porosity.
The surface area per unit weight values of the two rock conditions differ considerably. It
may not be valid to use the k^ values obtained on crushed rock to evaluate transport
through the interconnected pore space in intact rock. Limited experimental evidence suggests
that this is indeed the case, and that the measured k^ and a normalization factor r\ (defined
as/<*(1-€)/£, where/* is density and € is porosity) both depend on the state of aggregation,
in such a fashion that the calculated retardation factors are much less dependent upon the
state of aggregation. The transport model proposed for EIS thus introduces such a
normalization factor that the retardation factor is independent of the porosiy. The
experimental justification for this approach in a quantitative sense is not strong, and it may
well be overly conservative. AECL has plans for further work related to this factor. TAC
judges that the problems related to measuring and defining sorplion coefficients and factors
affecting sorption processes are well understood; that the present approach even with the
deficiencies noted (which are also well understood) is reasonable and appropriately cautious;
and that strong encouragement should be given to the continuation of the work planned by
AECL.

2.3.7.3 Colloids

AECL is currently preparing a comprehensive document on the role of colloids and paniculate
matter in radionuclide transport. Radionuclides in solution may undergo various sorption
processes on rock and mineral surfaces, which retard their rate of migration. Radionuclides
in colloidal or paniculate form may not undergo such processes, so their contribution lo
overall transport must be considered. The document under preparation deals with the
occurrence and formation of radiocolloids. field studies, radionuclide sorption on colloids,
particle migration, modelling and requirements for future work.

The distinguishing feature of a colloidal particle is related to its size and. somewhat arbitrarily,
a colloidal particle is considered one in the size range of up to 450 nanometres Larger
particles may well be of lesser importance for radionuclide migration, because at the low
rates expected for water movement in the geosphere many will be expected to settle out.
If a radionuclide precipitates to form a compound as a solid compound in colloidal size
range, it is called a true colloid. Alternately, the radionuclide may be sorbed onto the
surface of a colloidal size particle of another substance, and a pseudo-colloid is then formed
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It is generally considered that under geosphere conditions pseudo-colloids will be
predominant.

Field studies have been carried out at WRA and the Cigar Lake uranium deposit to determine
the concentrations and compositions of the colloidal particles in the natural groundwaters.
In general, the particles may consist of carbonates, iron oxides, alumina-silicate, or organic
materials. In general, concentrations at WRA were low, with higher values occurring at Cigar
Lake. At Cigar Lake, groundwaters from the ore and adjacent clay-rich zone contain
significant amounts of uranium in the particulate form, while waters from the sandstone region
contain uranium mainly in the dissolved state. The relative importance of particulate
compared to dissolved uranium is correlated with the total particle concentration in the
groundwaters.

Radiocolloid formation will take place by radionuclide sorption on natural colloids. It is difficult
to determine the precise processes involved so that predictions based on fundamental
principles will be difficult. It is likely that empirical sorption coefficients, k^s, will have to
be used. It will also be important to understand the reversibility or non-reversibility of the
sorption processes. It is possible to estimate values for what are called "natural analog k^s"
from the measured distribution of radionuclides between solution and natural radiocolloids, as
observed at Cigar Lake and WRA. In general, these k^s may be one to two orders of
magnitude higher than the k^ values obtained by laboratory measurements on comparable
mineral surfaces. This may be due. in part, to the much higher surface area to mass ratio
of the colloidal particles compared to the samples used in the laboratory sorption
experiments. There may also be mechanisms by which the radionuclides are irreversibly
bonded to the colloidal material.

Direct laboratory measurement on natural colloids may be carried out using either colloidal
material collected from groundwater, or with synthetic analogs, such as silica gel, clay
minerals, aluminum and iron oxides or hydroxides or with humic acids. Synthetic systems
are useful in identifying sorption mechanisms, but it may be difficult to extrapolate the results
to complex natural systems. Measurements have been made on sorption of U(IV) and Pu(IV)
on silica gel, uranium on hematite soils, and Th, Am and Np on alumina colloids. The
sorption of Cs, Sr and I on natural colloids from Grimsel groundwater showed k^s higher
than those found on granite. Cs and Cr showed slow desorption. while I was irreversibly
sorbed by these colloids.

The present understanding of radionuclide sorption on natural colloids is limited. For a
quantitative assessment of the significance of colloidal transport of radionuclides. it is clear
that more information is necessary With respect to particle migration, the basic principles
havfi been reviewed and colloid migration or filtration considered. In spite of the past
developments in general filtration theory, it appears that the theories and models are probably
not adequate for quantitative predictions It is indicated that probably particulate migration
will be confined mainly to fracture systems, since migration through intact rock and
compacted clay is extremely slow. In these media, diffusional transport of colloids will be
very slow because of their small diffusion coefficients

In spite of the many uncertainties on details of the processes involved, attempts have been
made to estimate the magnitude of the possible role of migration of radionuclide migration
by colloids. Present theories cannot predict adequately possible effects due to colloid
sorption on surfaces of minerals. The conservative assumption is made that colloids travel
at the same speed as groundwater
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Using the values of colloid concentrations as observed at WRA. and assuming K̂  values
higher than those for mineral surfaces, values can be estimated for the fraction of the total
radionuclides present that would be sorbed in colloids If radionuclide sorption on colloid
is reversible, equilibrium will be maintained between the nuclides in the colloid and the
decreasing concentration in the liquid as transport occurs. The calculations indicate that,
under the assumption of reversibility, at the colloid concentrations characteristic of WRA
waters, natural colloids will have a negligible effect unless k^ is very high. However, there
are strong indications that sorption in colloids is not effectively reversible. Under some
circumstances it can be shown that the consequences of radiocolloid formation can be
significant.

At the moment, colloid transport is not included in the geosphere model. In the low colloid
concentration in WRA water the effects may be small, but further work is required to
substantiate this possibility. AECL has outlined clearly the future work required to clarify the
possible role of colloids in radionuclide transport. This includes clarification of the question
of the reversibility of sorption processes, more information on the extent of sorption. more
information on colloid mobility under various flow conditions, and the effect of groundwater
composition on mobility. They have suggested the types of experiments which could lead
to information on these factors.

In the_ view ofTAC. AECL is. very well aware of the deficiencies in current knowledge to be
able to asse_ss_ adequatelythe..possible .role of cojloid transport AECL has also considered
the additional knowledge required to address this problem, and the research activities which
will be required We ..support .continued activity in this area

2.3.7.4 Groundwater and Migration Studies

As reported previously (TAC. 1989; Gascoyne. 1988). a new reference groundwater
composition was established for a depth of 500 m in the WRA A comprehensive data-set
of representative groundwater compositions for the entire WRA has been compiled. This will
be the basis for a report on the hydrogeochemistry of the WRA which will be a supporting
document for the EIS presentation of the WRA geosphere model. Such data assembly is
certainly required

The Large Block Radionuclide Migration studies on quarried blocks of granite (TAC. 1989) are
continuing at a reduced level of activity. Their potential for usefulness in developing and
testing chemical retardation and sorption models appears sound, but evaluation awaits detailed
reporting

2.3.7.5 Thermodynamic Data Bases and Chemistry Research

Within the Canadian program work is continuing as part of an international effort (under
OECD/NEA) to develop internationally accepted thermodynamic data bases for uranium,
neptunium and plutonium Since such compilations of data are required for the solubility
functions for compounds of these elements to be used in the vault model and for modelling
their chemical behaviour in the geosphere, TAC considers this research contribution to be
important It is being most competently executed, published in the open literature as
completed, and fully integrated into the international effort Related chemical investigations
on actinide complexation and hydrolysis, on technetium chemistry and on mineral
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interconversion reactions is continuing. TAC especially commends the plans to continue
fundamental investigations on the magnetite/hematite equilibria. These are important in
confirming or denying the major assumption of maintenance and control of redox conditions
in deep granitic groundwaters.

2.3.8 Natural Analogs

Natural analogs in general, and the Cigar Lake uranium deposit in particular, are expected
to be used as part of the presentation on the Canadian concept for geologic disposal of
used fuel. It is now widely accepted that data on natural geological processes which have
extended over long periods of time can justifiably be used in predicting some aspects of the
behaviour of a high-level radioactive waste vault. While the study of natural analogs is still
in its early stages, a number of natural analogs applicable to high-level waste disposal have
been identified in several countries and have been categorized as (1) ore deposits, particularly
uranium ore deposits, (2) natural materials similar to those that may be used to encapsulate
waste such as native copper or glasses, and (3) man-made objects that have been exposed
environmentally for centuries. TAC has reviewed briefly and supported the ongoing Canadian
research effort (e.g., TAC, 1988; TAC, 1989) but has emphasized the care with which analogy
must be drawn.

The importance of natural analogs in considering performance assessment for the disposal
of long-lived radioactive wastes has been presented in a recent IAEA report (IAEA, 1989).
This report discusses natural analogs from the formulating of analog studies to their potential
roles in performance assessments, their applications and limitations, and their quantitative and
qualitative roles. The conclusions are clearly and carefully drawn, and support the cautions
which TAC has recorded. Appendices present three case studies including the Cigar Lake
uranium deposit.

An extensive review on natural analogs in support of the Canadian concept of waste disposal
is under preparation and will be issued as an AECL report and a supporting document for
the EIS. It will include sections on analog aspects of used fuel dissolution, canister
corrosion, buffer properties, radiolysis effects, nuclide migration to the geosphere, and
biosphere analogs. Although there is no exact natural analog for a waste disposal system
as a whole, the study of components contributes data for an evaluation process. However,
natural uranium ore deposits have many system features and this has led to national and
international studies of the Oklo deposit in Gabon, those near Pogos de Caldas in Brazil, and
the Alligator Rivers deposits in Australia as well as the Cigar Lake deposit in Canada. The
last has been a focus for Canadian studies as well as international investigations by the USA
and Sweden, for example. The Cigar Lake deposit is an excellent illustration of the
desirability of locating a vault in a groundwater recharge zone. (Further discussion on this
general concept is given in Section 2.3.9 below). As it has been described, however, the
lack of radioactive signatures at the surface above the deposit is ascribed to the physical
and chemical stability of the deposit. This may possibly be too limiting an interpretation
since descending groundwater would be expected to prevent radionuclides from reaching the
surface in the immediate vicinity of the deposit. The lack of signature could therefore be
used to illustrate the potential inherent advantage of a recharge site for a vault. To refine
tt!§Lconditions under which natural deposits of uranium can best be used as analogs it would
appear that groundwater flow should be explicitly included among analog criteria.
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The Cigar Lake studies are being reported widely (IAEA, 1989, Cramer et al., 1987) with the
parallels to a conceptual disposal system being drawn in detail. This will be a most
important mechanism for evaluating the concept and will require exceptional objectivity and
care in their final presentation. The advantage of being centred on Canadian conditions is
illustrated by the studies on the role of colloids and paniculate matter in radionuclide
transport (Vilks et al., 1988) which TAC indeed commends.

One potentially important natural analog that does not appear to have had much study to
date is that of iodine in the biosphere. In used fuel, 1 2 9 | can be considered to represent
a special case in view of its long half-life of 16 million years and its negligible retention by
components of the vault and geosphere if it is released from the container. It is expected
to move as the iodide by diffusion or with the groundwater in which it is a solute. On a
time scale comparable to its half-life, engineered barriers and the geosphere cannot be
expected with reasonable certainty to prevent its movement to the biosphere. Unlike other
nuclides, its final repository can be viewed as some body, such as the ocean, where both
isotopic dilution with 1 2 7 I and simple dilution with water would reduce any perceived hazard
to insignificance. Isotopic dilution would occur to some extent in both the geosphere and
biosphere prior to reaching such a final disposition. In view of its exceedingly long half-life
there would be no sudden and dramatic increase in level of radioactivity from I at any
stage short or long term. If 1 2 9 I enters the biosphere by way of a fen. the iodine is
retained by the organic matter and is not expected to move at the same rate as does water
through the fen. TAC therefore recommends that the possibility be investigated of a natural
analog study involving rdf\ from natural qroundwater discharge. The object of the study
would be to determine the extent of possible or likely accumulation, its likely half time in a
fen, the extent of dilution, and the losses through oxidation and movement with water. It
is recognized that the results of any such analog study would be available only after a few
years and not in time for the EIS.

2.3.9 Hydrogeology

Since moving groundwater plays a fundamental role in subsurface aqueous chemical reactions
and in the transport of radioactive nuclides possibly released from a vault, hydrogeology is
one of the principal components of the nuclear fuel-waste disposal program. The major
hydrogeological activities may be grouped as follows: Development of Instrumentation and
Methodologies; Evaluation of the Rock Framework's Physical Properties at Different Scales:
Regional Hydrogeological Characterization (including Flow System Studies and Hydrogeological
Mapping); Local (Site) Hydrogeological Characterization (including WRA and URL);
Hydrogeological Modelling; and Hydrogeochemical and Tracer-Transport Studies. These
activities are designed to meet a two-fold objective: (1) to assist in the development and
demonstration of the capability of characterizing potential disposal sites, and (2) to provide
quantitative data to assist in developing and validating a regional scale geosphere model to
be used in overall system performance assessment through SYVAC. In general, TAC agrees
with and supports the objectives and scope of the hvdrogeology component of the program.
The following comments are aimed primarily at those matters where specific opinion may be
of benefit.

TAC has noted the work on regional groundwater flow systems is being maintained by field
investigations and monitoring of hydrogeological conditions both at the Atikokan Research
Area (ARA) and extensively at the Whiteshell Research Area (WRA) (especially related to the
URL), although it expresses concern about the "relatively reduced level" of field programs
(Wright. 1990b). Hydrogeological maps for both areas are being prepared using general
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specifications. For reasons discussed below, TAC suggests inclusion of flow system
boundaries and flow directions as components in such mapping. The EIS and its supporting
documents, including such fundamental components as hydrogeological maps, should
demonstrate both an understanding of all significant conceptual aspects of regional
groundwater flow in the Canadian Shield and an ability to evaluate, characterize and model
regional flow paths in several field situations.

In our last report (TAC, 1989) the matters of regional flow system investigation, of recharge
regions therein, and of regional boundaries, both lateral and vertical, were discussed briefly.
Responses by AECL to some of our specific suggestions are presented in Appendix V. It
is clearly agreed that an important aspect of regional flow-system characterization is the
identification of regional recharge areas. Under such areas groundwater moves away from
the land surface and is destined to migrate along very long flow paths (possibly tens or even
hundreds of kilometres) for very long times (possibly hundreds of thousands of years),
thereby contributing to high degrees of adsorption and radioactive decay of the transported
nuclides. Consequently, TAC reaffirms its opinion (TAC. 1989) that, from a groundwater
hydraulics point of view, such regional recharge areas have positive characteristics as
potential vault locations. A recharge position in regional qroundwater flow systems should,
therefore^ be considered for inclusion as a vault-siting criterion. Such a criterion could also
expedite the process of initial site selection since it can be readily deduced from topographic
maps (A relatively simple test, and evaluation of the significance of an area's hydraulic
character with respect to the groundwater's subsurface residence time, could be performed
by recalculating the WRA 2-D flow model with a hydraulic gradient imposed across, and
normal to. the section's eastern no-flow boundary, thereby simulating flow, at different rates,
out of the area. This "re-modelling" of the section would be equivalent to the "conversion"
of the Whiteshell - Lee River - Boggy Creek areas, including the URL, into a regional
recharge area.)

A problem associated intrinsically with groundwater flow studies is the conceptual definition
of what constitutes local, intermediate and regional systems on the scale of a particular study,
and how the boundaries of these systems can be recognized in the field. Adequate
characterization of flow systems through a model able to describe their geometry is a
prerequisite for performance assessment of any vault set within the limits of the study area.
Hence the demonstration of the ability to find and define flow system boundaries should be
a program requisite. Both the ARA and the WRA would appear to be suitable for
appropriate and relevant investigations. For example, the field-validation of the assumption
of a no-flow boundary at the Winnipeg River made for the eastern end of the 27-km 2-D flow
model at the WRA should be one such investigation. We record our understanding that the
development of a computer code for simulation of transient regional flow conditions would
be undertaken within the program.

For the estimation of the depths, i.e. the basal boundaries, of local flow systems (an
important criterion in determining the depth of the most active flow regime), a theoretically
simple but seldom practised method may deserve evaluation. The method is based on the
recognition that in a water-saturated natural environment rock-porp pressures increase with
well depth at rates less than hydrostatic in recharge areas, whereas they increase at rates
greater than hydrostatic in discharge areas. In principle, therefore, the slopes of the
pressure-depth curves should change from super- to sub-hydrostatic gradients, or vice versa,
at the boundaries between hydraulically different regimes of superimposed flow systems. The
further rationale for understanding regional and deep flow has been earlier expressed by
Pryce (1986)
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TAC agrees with the general objectives of the .hyd.r_og.eology..c.ornBQnent..of.the. program and
considers the scope of the associated activities to be broadly acceptable for the resources
available. Hcvever, we do advise that consideration be given to our views respecting
establishment of flow system boundaries with careful elucidation gf_pjincigal_ recharge areas.

2.3.10 Geosphere Modelling

In TAC-9 (TAC, 1988) we summarized the general aspects of geosphere modelling. The
aspect of geochemical modelling (in simulation of rock/water interactions, and nuclide
transport) is noted above (Section 2.3.7). Here we discuss the aspect which incorporates
geologic information on the rock mass with hydrogeologic measurements to compute a three-
dimensional representation of groundwater movement through the geosphere and which is
commonly termed hydrogeologic modelling. Such models include dissolved and paniculate
matter that move with and through the groundwater. The three-dimensional finite-element
code MOTIF (Guvanasen, 1984) has been developed to simulate the coupled processes of
groundwater flow, heat transfer and solute transport, and to provide flow velocities for a
particle-tracking code that determines the significant flow paths from a hypothetical vault to
the biosphere. A recent overview (Chan. 1989) reviews the modelling efforts ^sing MOTIF
noting the mathematical and numerical formulations, the verification and validation studies, and
its application to simulate contaminant migration. This application has centred on the WRA
and has led to both a regional scale model and a local model. This latter has received the
designation of Whiteshell Geosphere Model (or Whiteshell Geosphere Local Model) and has
become the focus for a relatively wide-ranging series of simulations (Reid and Chan, 1989)
on both a 2-D and a 3-D basis. These have continued over the past two or more years
for both various flow situations and sensitivity analyses although reports are not available in
final form. From the published results as referenced above, TAC can only reiterate its
previous view (TAC, 1988) that this effort to develop both regional and local qeosphere
models is a worthy contribution but, to ensure credibility, these models need to be validated
through empirical field observations such as, for example, those arising from an investigation
of the Winnipeg River no-flow boundary as described above (Section 2.3.9).

Both the chemical and geologic aspects of geosphere modelling are combined through
simplification and abstraction for use in the performance assessment code, SYVAC, by means
of a geosphere model GEONET which is a one-dimensional representation of groundwater
flow. This practical restriction means hydrogeologic modelling in performance assessment is
modified to a one-dimensional treatment of the significant flow paths detected by the more
comprehensive models such as those arising from MOTIF.

We understand that some comparative simulations have been made of the Whiteshell
Geosphere Model using MOTIF and the equivalent SYVAC geosphere model (GEONET). Also
the results of recent hydrogeologic modelling presented to TAC during site visits indicate
that fracture systems intersecting or passing close to the vault contribute significantly to the
rate of radionuclide movement in a groundwater discharge environment. Such fractures in
a discharge zone could provide a comparatively short pathway with high hydraulic
conductivity from the vault to the surface of the lithosphere. in a regional recharge zone,
flow-paths are longer and deeper; high hydraulic conductivity is less likely to persist for the
entire length of a flow-path from the vault to the surface. Modelling of a hypothetical vault
located at different points within a groundwater flow system model is planned. This extension
of the present modelling which would allow an _ assessment of flpw-paAhjs originating in a
recharge, zoj3e_._ogntinues- L°- £§- advocated, by TAC.
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In each of our previous two reports (TAC, 1988; TAC, 1989) we have noted the need for full
documentation and explanation of the simplification methodology involved in the development
of the qeosphere model, i.e. in the transition from MOTIF to GEONET. TAC recommends
that the provision of details on this qeosphere model development be treated with some
urgency in order to expedite its evaluation as well as to clarify any potential limitations in
its applicability.

2.4 IMMOBILIZATION AND VAULT SEALING TECHNOLOGY

2.4.1 General Program Description

This portion of the program deals with the isolation of the waste form, either used fuel or
high-level wastes from a fuel recycling or reprocessing facility, so as to retard the release
of the radionuclides into the geosphere. For used fuel, the objective is to develop an
appropriate container, while for high-level wastes from ^processing the objective is
incorporation into a resistant matrix.

The recycling or reprocessing of used nuclear fuel means the separation, by chemical and
physicochemical means, of such actinides as plutonium, uranium and thorium from the fission
products, leaving the latter as a high-level waste for disposal. A modest effort in the area
of developing both the recycle waste forms and the processing technology for producing
them has been in place from the beginning of the program, with the current status described
in the next section (2.4.2). The following sections (2.4.3. and 2.4.4) deal, in turn, with used
fuel characterization and containers for used fuel.

Following fuel or waste form immobilization and containment, the next barrier results from the
emplacement within selected buffer material in the disposal vault. The vault is then backfilled
and openings to the surface sealed. This total system of engineered barriers in the vault
has a central focus on resistance to the release of radionuclides into any groundwater which
may flow through the vault. Progress in these areas of buffer and backfill development and
vault sealing are the subject of the next sections, 2.4.5 to 2.4.7. while the final section, 2.4.8,
carries comments on the overall vault model. The vault model integrates the individual
elements into a coherent grouping which allows testing or comparing with actual measure-
ments, and is one of the three models in the total disposal system on which the
environmental and safety assessment will be based.

2.4.2 Recycle Waste Form Evaluation and Process Technology

Earlier reports (especially TAC, 1984; TAC, 1985) indicated the basis for maintaining a
program on the development and evaluation of waste forms and the process technology for
their production. Both waste form and process development work has been terminated for
some time, a decision with which TAC agreed (TAC, 1987). In that same report we
reviewed, briefly, the achievements in these areas, especially noting the developments with
borosilicate and aluminosilicate glasses, and the innovative introduction of sphene-based glass
ceramics as a resistant waste form.

Programs have continued on completing the studies on characterization of the performance
of these waste forms, particularly the borosilicate glass, internationally accepted as a reference
glass, and the development and evaluation of models which can be used to predict their
long-term performance as a source of radionuclides under vault conditions.
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The analysis of glass dissolution data continues to be reported (e.g. Harvey and Larocque,
1989), and the full compilations on waste forms evaluation are incorporated into a draft of
the Engineered Systems Technology Document (Vol. Ill of the EIS). When this report is
available, TAC intends to make a comprehensive assessment. We reaffirm our earlier
estimation (TAC, 1989) based on the publications and reports already issued, that we consider
the work on waste forms to be of high scientific quality, and to have addressed those
aspects appropriate to Canadian fuel recycle waste and potential Canadian disposal
conditions.

2.4.3 Used Fuel Studies

The research on used fuel characterization has developed an understanding of the factors
which govern the release of radionuclides from the used fuel when in contact with
groundwaters. It has led to the development of a model which can be used to predict the
release rates as a function of time after the protective container is breached. This depends
on such things as the power history of the fuel, groundwater compositions as modified by
contact with the buffer, the oxidation potential and the chemical and physical properties of
the materials involved.

In the used fuel, radionuclides may be present as activation products in the Zircaloy cladding,
in the fuel-sheath gap, at the grain boundaries and in the UO2 matrix. Releases from each
of these sources must be considered. Since there is no quantitative corrosion data for
Zircaloy cladding under disposal vault conditions, it is conservatively assumed to fail
immediately upon contact with groundwater. The relatively very minor radionuclide release
from the cladding itself is assumed to be controlled by ZrO2 solubility.

A fraction of the more volatile radionuclides, e.g. Cs, I. Tc. have migrated to the fuel-sheath
gap and these are released rapidly when contacted by groundwater. This process is
reasonably well understood. In addition, some of the radionuclides with limited solubility in
UO2 have migrated to the grain boundaries, and are preferentially attacked by water. At
present the rate of this process cannot be evaluated, so it is assumed conservatively that
the grain boundary inventory is released immediately upon container failure. Attempts to
determine experimentally the grain boundary inventory have not been completely successful.
Meanwhile reasonable estimates have been made and investigations are continuing.

Most of the fission products and actinides are contained in the UO2 matrix and are released
at the same rate as UO2 dissolves. The dissolved uranium species are transported through
the buffer and backfill as UO2 continues to dissolve. It is assumed that the solution near
the used fuel remains saturated. The solubility of UO2 in the groundwater as modified by
the buffer is thus an important parameter, since it controls the release of fission products
and actinides from the fuel matrix. A comprehensive document (Lemire and Garisto. 1989)
on the solubility of the oxides of U, Np, Pu. Th and Tc has been published. The solubilities
are calculated from thermodynamic data, and are functions of pH, temperature and redox
conditions, and of water composition which influences solubility through complexation and
ionic strength effects. With these solubilities in the form of explicit mathematical expressions
they can be combined with specific groundwater compositions to produce a solubility model
for use in the vault model (Section 2.4.8 below).

The solubility model is valid only if the oxidation potential is more reducing than the
l^Oy/ l^Og boundary, and if kinetic factors prevent the formation of uranate type solids.
Probability distribution functions for the values of the controlling parameters are presented.
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In most cases, the calculated solubilities indicate that as the UO2 dissolves, compounds of
Th, Np and Pu will not precipitate. For Tc, precipitation may occur under very reducing
conditions. Overall, the document (Lemire and Garisto, 1989) describes the solubility model
clearly and logically and has been built on an impressive data base to which AECL has
made numerous contributions. Since it was issued, a minor change has been made in the
solubility model to take account of a gradient in oxidation potential across the buffer. This
could permit reprecipitation of UO2 and of compounds of Np, Th, Pu and Tc. and thus could
lead to a somewhat higher rate of dissolution of the fuel, and somewhat lower releases of
the other radionuclides mentioned.

Fundamental studies leading to an understanding of the conditions under which radiolysis
effects may increase the oxidation potential so as to invalidate the model have been carried
out in the past and are continuing. These use electrochemical and surface analytical
techniques. The effects of both molecular oxidants and selected free radicals produced by
gamma and alpha radiolysis have been studied. The results indicate that at 100°C alpha
radiolysis from used fuel will not lead to its oxidative dissolution in the disposal vault.
Investigations on the effect of glass beads on used fuel dissolution have been completed and
the results are being analyzed. The preliminary view is that no appreciable effect on
radionuclide release has been shown.

A 10-year leach test on used fuel in distilled water, KBS (Swedish) groundwater and Standard
Canadian Shield Saline Solution has been instituted. Procedures are well designed to
simulate groundwater and used fuel under breached container conditions. The results each
year will be checked against the used fuel dissolution model. TAC supports this effort to
meet the need for relatively long-term comparison between data and theory with prediction
a?id validation being pursued simultaneously.

2.4.4 Container Development and Material Evaluation

The overall objective of developing a container adequately durable under disposal conditions
has required evaluation of structural design, of fabrication and of inspection and handling
techniques as well as of corrosion properties. Prototype fabrication and hydrostatic testing
(with temperature and pressure cycling) have been used as the basis for structural evaluation,
while multiple material testing has been used to evaluate corrosion propensity under realistic
disposal conditions.

A review of both container development and of container materials evaluation was presented
by Johnson et al. (1987). The performance, assessment and ranking of container design
options have been described in detail in a recent document (Crosthwaite, 1990). Design was
constrained by a target container lifetime of 500 years, and a realistic set of conditions to
be met in terms of container geometry, lithostatic pressure, temperature, and corrosion
resistance. Several years of research and development have led to the selection of three
supported shell designs based on documentation arising from full-scale or half-scale
hydrostatic testing, detailed stress analyses and post-stress analyses (Crosthwaite and Chadha,
1989). A thin-walled particulate-packed (TWPP) design, a thin-walled structurally supported
(TWSS) design, and a metal-matrix design for thin-walled containers all showed adequate
structural performance (Grover, 1989). Assessment, however, suitably included eleven
additional factors such as ease of fabrication, ease of inspection and repair, ease of handling
and retrieval, chemical toxicity, resource use and cost. This resulted in ranking in the order
presented above. While the general document (Crosthwaite, 1990) gives a comprehensive
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overview, many of the detailed investigations have been reported and published. Most of the
testing has been carried out in the Hydrostatic Test Facility (HTF) at WNRE which allowed
full-scale prototype containers to be tested up to 10 MPa at 15O°C and with varied pressure
and temperature cycles. Modelling studies have been aimed at prediction of structural
behaviour under test (and disposal) conditions including consideration of the effects of creep

The analytical models developed to date tor the prediction of container structural behaviour
have only been partially verifiable from actual test results presumably due to axisymmetric
constraint imposed in the models. Because of the obvious need to model non symmetric
behaviour, resulting either from fabrication non-linearities or as a result of disposal conditions.
a three-dimensional finite-element model is being assembled The considerable data now
available will be augmented by the long-term creep testing of candidate materials being
carried out by OH. TAC strongly supports the experimental work on lo_ng-term creep
properties, both of titanium and copper; and considers that the development of the structural
performance modelling to an acceptable level of reliability is essential

Structural performance analyses to date indicate that the minimum titanium shell thickness to
maintain structural integrity of the TWPP reference (top-ranked) container is 2.0 mm
However such tests are predicated on the use of carbon steel bundle retaining tubes or fuels
basket. The recognition that this carbon steel subjected to the anoxic corrosion pertaining
under vault conditions could potentially evolve hydrogen has led appropriately to a search
for alternative support materials that would not prejudice the structural performance
significantly

Other container designs under consideration include an iron-based stressed-shell (IBSS) where
a titanium shell overlays a 40-50 mm thick steel container, and a concrete integrated
container (CIC). The latter has been under investigation by Ontario Hydro for some years
as they examine the concept of a container that could fulfil the dual role of a safe
transportation cask and a disposal container for fuel. The IBSS design also has the potential
problem of hydrogen evolution arising from anoxic corrosion and further experimental work
has been suspended. A feasibility assessment report for the IBSS is awaited. The CIC is
beinr ested as a full-scale prototype, and a modified design is now being investigated as
a "-' .ins of maintaining integrity with lower mass and equivalent applicability Application to
the AECB for licensing (for loading and storage) is being prepared. The investigations are
well justified.

As well as assessment of structural design, a balanced effort has been placed on container
fabrication, especially on closure aspects, and on methods of both remote fabrication and
of remote inspection. These factors are included in the above ranking for containers and
are '• ortant as a guide for assigning priority to continuing work. Since all three designs
are baot-J on the use of titanium or a titanium alloy, techniques of container closures in each
case would be comparable and demonstration has clearly shown the availability of sound
methods for closure and also a sequence of inspection methods to ensure full and
satisfactory closure. Both resistance-heated diffusion bonding and pulsed current gas-tungsten
arc welding can be automated for remote control on a production line basis. The
developments in automatic remote closure systems and remote inspection systems are
promising and should be pushed to completion. Robotic inspection of a deliberately defected
diffusion-bonded titanium ring has been shown to operate with reliability and repeatability
(Piercy et at.. 1989) while laser ultrasonics has been employed to detect disbonding (Taylor
et al.. 1989) to a satisfactorily sensitive level Progress here is deemed most satisfactory



40

Because of its long-term corrosion resistance, its fabrication ease and such structural
advantages as its ductility, copper is also being thoroughly examined as a potential material
for thick-walled containers. The documented choice for container material is oxygen-free
copper, and for container closure is electron-beam welding.

The report (Grover. 1990) on the supply, demand and costs for candidate materials (titanium,
copper and lead) for container construction is comprehensive, fully adequate for conceptual
engineering design and cost purposes, and appropriately conservative in its assumptions.

When adequate structural integrity of a container can be assured, it is only through
penetration by corrosion that failure can occur. Therefore, an acceptable model for container
failure must therefore be established based on the corrosion properties of the material used
to fabricate the container. Investigations have been proceeding on a well-defined basis and
specific results published as well as summaries and reviews (e.g. Johnson et al.. 1987; Nuttall
and McKay, 1985: Shoesmith et al.. 1989) The approaches used involve both standard
electrochemical techniques and long-term immersion tests, each with a major emphasis on
using simulated disposal conditions. These conditions include use of high-salinity
groundwaters. temperatures up to 150°C. and the exposure to radiation fields.

Although a selection of both corrosion-resistant metals and corrosion-allowance metals has
been examined, the program has concentrated on titanium and copper with a well-conceived
series of investigations. The objective is to obtain an understanding of the possible corrosion
processes involved using electrochemical methods to establish the corrosion mechanisms, and
long-term exposure tests for verification.

Extensive investigations on titanium alloys (both ASTM Grade-2 and Grade-12) have been
continuing (Ikeda et al.. 1987; Shoesmith et al.. 1989) with due emphasis on simulated vault
conditions. Very low uniform corrosion attack has been well verified, and attention has been
concentrated on localized corrosion. Sound evidence that neither pitting corrosion nor
hydrogen embrittlement will be the likely cause for failure (e.g. Clarke et al.. 1988) has
appropriately led to focusing experimental efforts on crevice corrosion and delayed hydride
cracking. The extensive work on crevice corrosion (Ikeda et al., 1989; Ikeda et al., 1990;
Bailey et al., 1990), based largely on electrochemical techniques and artificially creviced
specimens has explored the effects of temperature, chloride concentration, oxygen supply,
gamma radiation and material microstructure and composition. Emphasis has been laid on
propagation rate determination since it was found difficult to establish consistent conditions
for initiation of crevice corrosion. Currently electrochemical experiments are under way to
determine criteria for the susceptibility of Grade-2 titanium to crevice initiation, an effort we
commend since this should clarify the need to assume that all containers will suffer crevice
corrosion

Corrosion studies on a small scale have indicated that the effects of titanium container
closure by welding will not result in accelerated crevice corrosion at the weld. The crucial
area of applying or extrapolating laboratory results on small specimens and on artificially
creviced specimens to prediction of effects of full size containers in vault conditions remains
to be dealt with convincingly. It especially pertains to the container/sand-buffer interface.

Experimental work on conditions required to induce delayed hydride cracking are continuing,
with concentration appropriately on Grade-12 titanium. Results to date have provided
evidence that Grade-2 titanium is not susceptible to delayed hydride cracking.
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The experimental programs on titanium corrosion and on delayed hydride cracking are clearly
and most appropriately focussed on investigating the assumptions that are currently made in
the container failure model (cf. Section 2.4.8 below). TAC..congjders__the_ continuing and
planned investigations to be fully justified, well conceived, and dedicated to elucidation of
facLQrs_essential |n_the improving and further validating of a predictive containejLfailjJ0L03gdj!

Copper corrosion studies in the program have been ongoing for some years, an activity with
which TAC concurs. The results obtained, along with evidence from the literature, continue
to support the development of a uniform corrosion model for copper under potential vault
conditions. Continuing experimental work seeks to verify the ranges of conditions for which
the corrosion rate limiting step is the transport of copper corrosion products. Work on
factors affecting the oxygen reduction mechanism seems justified as an aid to improved
understanding of the copper corrosion mechanism. The interactive effects of the
buffer/copper/groundwater system are recognized in a series of experiments involving copper
coupons and compacted buffer material. The potential limiting effect of the cation exchange
capacity of the buffer has been noted. TAC__contLnues_tQLafiiOILthe_Qeed for continuing the
research on copper corrosion in realistic vault conditions, and notes that the experimental
program recognizes adequately the requirements for data that can be employed in the
development and validation of a predictive copper container failure model We note again
the desirability of a critical examination of copper pitting, studies on which have-not been
pursued this past year.

2.4.5 Vault Sealing

The disposal vault sealing program entails the development of engineered barriers for the
permanent isolation of nuclear fuel waste in an underground disposal vault. The main
components of the program are associated with the development and emplacement of buffer,
backfill, grout and concrete materials.

2.4.5.1 Buffer Development

Laboratory studies on the properties and behavbur of the Reference Buffer Material (RBM)
have continued. The RBM consists of graded silica sand and bentonite mixed in a dry mass
ratio of 1:1 and compacted to a minimum density of 1.65 Mg/m 3 at a moisture content of
between 16 and 19%. For the reference in-hole emplacement technique the compacting will
occur in situ, followed by the drilling of a hole within the compacted buffer to accommodate
the nuclear waste container. The URL Buffer/Container Experiment (below) will be used in
the development of the necessary equipment and procedures.

Experimental studies continue on the RBM and include work directed to both the properties
and the performance of the buffer material Expansion of the data base for diffusion
coefficients (both transient and steady state), exploration of the self-sealing capability, and the
study of the stress-strain-time properties are all active areas of investigation. Full regard is
being taken respecting effects of temperature and of partial saturation on swelling capacity,
hydraulic conductivity, and cation-exchange capacity Among the results is the strong
evidence that heat will not significantly affect the mass transport properties of the RBM
(Oscarson and Dixon. 1989) nor its cation-exchange capacity An investigation has been
initiated into the possible existence of a critical minimum hydraulic pressure which must be
exceeded, before, water can flow through a bentorute material. TAC deems as very important
both this latter work and the continuing laboratory^ studies on properties and performance of
the RBM
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Of special note in the area of material performance is the range of work being carried out
on coupled heat and moisture flow in the reference buffer through independent investigations
at McGill University and at Carleton University. These are leading to the development of
models which can be applied in prediction of probable results from the URL Buffer/Container
Experiment (Radhakrishna et al., 1989).

The URL Buffer/Container Experiment provides a means for research on the effects of scale
on buffer performance under vault conditions. In addition, experience will be gained on large
volume materials handling, and on the use of instrumentation in the vault environment. A
comprehensive laboratory program to assess the performance of temperature sensors,
piezometers, earth pressure cells, soil stress gauges and pressure transducers for use in the
Buffer/Container Experiment is in progress. The Buffer/Container Experiment at the URL
appears to be progressing favourably in all phases and, in TAC's view, is a well conceived,
efficiently coordinated and essential program of research.

The field study at the Avonlea Bentonite Quarries and referred to in our last report
(TAC. 1989) is now complete. It indicates a non-uniform gradation of the bentonite within
the deposit which reflects possible difficulties in ensuring adequate quality and volume of
bentonite for a full-scale nuclear disposal operation. Since the quality of the bentonite will
he dependent on the selective mining technique used. TAC advises that a very careful
investigation should be undertaken with respect to any guarantee that the needed volume of
the bentonite produced will meet the RBM specifications.

2.4.5.2 Backfill Development

Backfill refers to the compacted reference clay-granite-aggregate mixture to be used for
sealing tunnels, emplacement rooms and shafts in a disposal vault. The reference backfill
material consists of a 75% dry mass of a crushed graded granite with a particle size
<19 mm. assumed to come from the vault excavation, and 25% processed clay from
Manitoba.

As reported in TAC-10 (TAC, 1989), studies of the compression behaviour of both non-
swelling and swelling clay-based backfill specimens were being conducted. Results so far
indicate that the expansion (rebound) after hydraulic compression exceeded the original
compression in both backfill types. This information increases confidence that the seal at
the backfill/rock interface in a vault will be effective. The study of the constitutive stress-
strain-time properties of the reference backfill material and the development of computer
models simulating the interaction between the host rock and the sealing material are also
continuing. The constitutive model for the backfill developed through this study provides the
possibility of use in models of interactions between the buffer and room backfill materials
Such results are needed to ensure that the buffer is effectively constrained in the
emplacement borehole.

2.4.5.3 Grouting, Cement and Concrete Development

Grouting as the method for the sealing of the fine naturai rock fractures or fine fractures
generated during the vault excavation has been under consideration for years Cement-based
grouts have been identified as potential materials for the vault sealing process because of
their low hydraulic conductivity, high strength, volumetric stability and long term performance
potential, and an interim reference grout has been established Investigations on pouting
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have been proceeding on a laboratory scale both at OH and AECL/WNRE. by experiments
at the URL, and in a cooperative effort with other countries as part of the Stripa Project in
Sweden.

The use of concrete bulkheads in the conceptual vault design, and the requirement for
cement-based materials as essential components in the sealing of shafts and boreholes
justifies a continuing emphasis on studies of cements and concretes. The application in
terms of in situ experiments is now planned as part of the URL Core Program of Operating
Phase Experiments. Within this program the main Grouting Experiment planned for Fracture
Zone 2 at the URL is currently scheduled for 1993 and the Shaft Sealing Experiment for
1994. The research plans for these experiments will presumably reflect the significant
progress that has ben made in grouting research with its emphasis on longevity and
penetrability of grouts centred on the development of the reference cement grout containing
silica furrra and superplasticizer. Tests continue to confirm the preliminary results of the field
experiments in the URL, and to show that the hydraulic conductivity of the reference cement
grout is two or three orders of magnitude lower than the "intact" granite and the buffer
material. Furthermore, the grout can penetrate fine fissures of only four microns' aperture.

The laboratory work has been expanded to cover a broader range of cement-based sealing
materials with an emphasis on new. high-performance cements and concretes.
Leaching/dissolution studies on pure cement compounds as a function of temperature, mix
composition and leachant composition are being made. Examination of the rock/grout
interface, and of other temperature and groundwater effects on the grout have been instituted.
We reiterate our previous evaluation (TAC. 1989) that there is an appropriate emphasis on
ascertaining grout mix compositional effects, on careful consideration of the grout-rock
interfaces, and, overall, on gaining a thorough mechanistic understanding for the chemical
durability and for long-term physical effects.

A preplaced aggregate concrete concept is under investigation for the construction of the
bulkheads and similar structures needed in the disposal vault. Preplaced aggregate concrete
consists of graded coarse aggregate, placed and packed into position and then immobilized
by cementitious grout injection into the voids between the aggregate pieces. Crushed granite
has been selected as a filler and the first test to evaluate the use of the reference cement
grout in the concrete manufacture has been completed.

2.4.6 The Vault Model Report

The purpose of the vault model is to provide estimates of the probable releases of
radionuclides from the vault into the geosphere. The conceptual and mathematical framework
for the vault model has been described in a recent document (Garisto and LeNeveu. 1989).
The report describes the vault layout and the vault design parameters. The used fuel is
surrounded by corrosion resistant containers which are then placed in boreholes in the vault
floor and surrounded by a buffer layer of bentonite-sand mixture. The vault is then filled with
backfill and sealed.

For radionuclides to be released from the vault, groundwater must enter, corrosion processes
must cause container failure, radionuclides must be released from the used fuel to the
solution phase, and the radionuclides in that solution phase must be transported through the
buffer and backfill to the geosphere. Mathematical models have been developed for each
of these stages using laboratory and field data, and these are described in the report. For
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the draft EIS, modifications and refinements have been made in the actual models although
the mathematical framework, such as the convection-diffusion equation, remains as given in
the above document.

Garisto and LeNeveu (1989) also present the results of several deterministic scoping
calculations, assuming specific values for the important parameters. The calculations give the
release rates of various radionuclides as a function of time for specific cases and thus
provide insight into the model. Simple analytical estimates, made for comparison purposes,
in general supported the vault model results. TAC has advanced suggestions on several
specific aspects of the report, especially in regard to clarification of some features of the
mathematical framework. The final EIS document on the Vault Model is still in preparation.

2.4.6.1 Container Failure Function

The conceptual container failure model has been briefly described (Garisto and LeNeveu,
1989) and more recently a draft of the proposed chapters in the EIS on the "Failure Model
for Grade-2 Titanium Containers for Nuclear Fuel Waste" has been provided to TAC for
comment As noted in this title, the reference container designs are based on titanium alloy
(Grade-2) The exposure environment in terms of groundwater composition, buffer materials,
radiation levels, temperature and pressure is based on realistic reference conditions.
Important aspects of the container design and the on-going studies on properties and
corrosion propensity are noted above (Section 2.44)

The available data on the corrosion properties of titanium comprise knowledge of general
corrosion, localized corrosion effects including both pitting and crevice corrosion, environment
induced cracking (EIC) inclusive of delayed hydride cracking, corrosion of welds and effects
of radiation. As summarized last year (TAC, 1989) this leads to the development of a model
with the following main assumptions: (a) a small fraction of the containers will fail almost
immediately due to manufacturing (and/or installatfon) defects, (b) uniform corrosion rates for
titanium are too low to constitute a significant failure mechanism, (c) crevice corrosion
initiates immediately on all containers at all temperatures, (d) the rate of crevice corrosion
is controlled by the skin temperature of the container, (e) the rates of crevice corrosion
calculated as penetration rates are based upon weight change data and surface measure-
ments for Grade-2 titanium, (f) only two-thirds (4.35 mm) of the wail thickness is assumed
available for corrosion allowance, the remaining 2.0 mm being required for structural integrity
and thus the container is assumed to fail for penetrations greater than 4.35 mm, (g) all
containers which have not failed by crevice corrosion when the temperature has fallen to
30°C are assumed to fail immediately by environment induced cracking which has been
assumed to be a low temperature phenomenon, (h) oxidizing conditions are assumed to
persist throughout the lifetime of the vault despite evidence that reducing conditions will
eventually be established, and (i) the production of hydrogen leading to hydrogen pick-up will
be low and will be significant only under crevice corrosion conditions.

The model thus includes three potential modes of failure: (1) initial defects. (2) crevice
corrosion, and (3) environment induced cracking. To model the effect of temperature in the
vault upon the failure rate, three representative locations have been chosen: centre of a
disposal room, near an access aisle and near the edge of the vault. The calculated
temperature versus time profiles for these areas have been approximated by step functions.
This permits evaluation of the penetration rates versus time and thus the failure rates. The
mathematical formulation of the model then presents failure functions for each of the above
three modes which are summed to give the total failure rate.
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Many of the assumptions made are unduly conservative through lack of definitive data and
in some instances research is proceeding (Section 2.4.4 above) to remedy this. The..foHpyvfog
observations are offered:

1. The above and all other pertinent assumptions should continue to be examined critically.

2. The concepts of an initial defect fraction and of neglecting uniform corrosion as a
potential failure mode are soundly based.

3. While no major factors appear to have been ignored, final presentation of a container
failure model should include consideration of the effects of creep-induced degradation,
microbial presence, radiation damage to the container, and interaction between a failed
and unfailed container.

4. There should be critical examination and possible further development of the basis for
calculating penetration rates from weight change data based on analysis of crevice
geometry, continuing as already indicated by Shoesmith et al. (1989). A stronger
experimental and theoretical base for developing the temperature-rate relationship to be
used in the model is most desirable.

5. A careful study has been made of potential crevice sources for an actual container in
the vault. This should be expanded to take account of the existence of a sand layer
between buffer and container, including the sand layer effect on buffer characteristics and
interactions.

6. The empirical model needs a verifiable sound mechanistic understanding of the corrosion
processes that could pertain under vault conditions.

7. The possibility should be examined of defining container failure by crevice corrosion as
penetration of the corrosion allowance depth over some fraction of the container area.

8. The re-analysis of vault temperature conditions with changes in vault geometries should
continue.

2.4.6.2 Fuel Dissolution Model

The development of a fuel dissolution model is based on the assumption that immediately
upon failure of the container all of its contents come into contact with groundwater and
dissolution commences. Radionuclides in the fuel are considered to be in three main
regions: more volatile products in gaps, cracks and fissures, those radionuclides which have
concentrated, in part, at grain boundaries, and those radionuclides incorporated in the fuel
matrix. The assumption is then made that the gap and grain boundary inventories are
released immediately upon contact with groundwater in which they dissolve, and then reach
uniform, inventory-limited concentrations inside the container. These concentrations then
provide boundary conditions for the mass transport equations for the radionuclide migration
across the buffer. The corresponding total radionuclide flux at the used fuel-buffer interface
is the instant-release source term (Garisto et al., 1989a). The gap and grain boundary
inventories are treated together as instant-release fractions (IRFs). This assumption is
reasonable considering lack of data on the relative amounts in the two categories. The
source-term model for instant release of radionuclides from used fuel continues to be revised
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and developed (Garisto et al., 1989b). The determination that the instant-release source-term
can be the dominant release made into the buffer, at least for some radionuclides, points to
the need for studies which would reduce uncertainties in it such as on the kinetics of grain-
boundary dissolution.

Following instant release of radionuclides from the gap and grain boundaries, the UO2 matrix
containing the actinides and the remaining fission products will undergo attack. The model
for this process assumes that the liquid becomes saturated with respect to the UO2 fuel, the
actinides and the fission products being released congruently as the fuel dissolves. The
development of this solubility model has been presented in a detailed fashion (Lemire and
Garisto, 1989) including a systematic procedure for defining groundwater composition and
explicit expressions for solubilities of oxides of U, Pu, Np, Th and Tc. Both the thermo-
dynamic data base and the grnundwater compositions are well documented. The results
of a series of simulations using the model for a wide sampling of water compositions (40.000
samples) are presented. Testing some of these against thermodynamic equilibrium
calculations showed satisfactory agreement. Later work has seen the inclusion of such
modifications to the solubility model as the allowance for varying solution potentials between
the fuel surface and the edge of the buffer. This would appear to be a justifiable refinement.

Significant assumptions are stated clearly, developed logically and applied consistently.
Among those considered appropriate are the relatively small effects of ionic strength
variations, and of pressure effects on equilibrium constants, the emphasis on complexation,
and the ignoring in the solubility formulae of those species which are making very limited
contributions. The critical importance of the Eh level and the maintenance of reducing
conditions are noted. TAC suggests that the following aspects of the solubility model be
examined or re-examined prior to its final utilization in SYVAC: (1) justification for the use
of pure UO2 instead of real fuel, (2) the use of such broad ranges of qroundwater
composition, (3) the time scale for buffer-qroundwater interaction processes and equilibration,
and (4) justification for the probability distribution assignments that have been made.

2.4.6.3 Mass Transport Model

Mass transport from the fuel to the geosphere, through the buffer and backfill is modelled
by a set of one-dimensional convection-diffusion equations, taking account of retardation
effects and radioactive decay (Garisto and LeNeveu, 1989). The vault is represented by a
set of slabs, fuel/buffer/backfill/rock for cases where transport in the rock is diffusive, and
fuel/buffer/rock where transport in the rock is convective. The model assumes that release
to the rock is proportional to the concentration at the interface. The proportionality factor,
the mass transfer coefficient, depends upon conditions in the vault and in the rock. This
approach has some limitations, for example, during the transient period leading up to steady
state. Attempts have been made to deal with these limitations, but further efforts are
desirable.

Since it is considered that transport through the buffer and backfill is by a diffusion process,
data required in the model relate to this. They include the capacity factors representing
storage, sorption and retardation effects, and diffusion coefficients for each nuclide in the
buffer and backfill.

Research has indicated that to describe diffusion processes in buffer and backfill a non-
isotropic double diffusion model can be used (Cheung, 1990). It considers two types of
water in buffer and backfill - surface and interstitial water. Surface water is the layer
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adjacent to the clay particle surface, while interstitial water is the water present in the larger
pores of the clay, with properties similar to that of free water. The rates of diffusion of a
given ion will differ in these two regions. In backfill the free water pathway is predominant,
while in dense bentonite the surface water pathway is favoured.

To define the ranges of diffusion coefficients for the radionuclides in the buffer and backfill
for use in the model, the type of species is required. The radionuclides have been divided
into five categories by considering their sorption type (chemisorbed species, exchangeable
cation, exchangeable anion, non-sorbed, and large species such as organic molecules),
solution chemistry and chemical analog. Because the average pore size in compacted buffer
and backfill materials is very small, it is considered that microorganisms and colloid particles
are relatively immobile.

To evaluate the possible effect of the temperature gradient that exists across the buffer and
backfill, a coupled heat and mass transfer model was developed. It was found that under
vault conditions the effects could be neglected, helping to justify the assumption in the vault
model that only diffusion be considered (Cheung and Gray, 1990).

The final conceptual mass transfer model is not yet issued but the simplified basis (Garisto
and LeNeveu, 1989) is sound, and the mathematical framework for the diffusive mass
transport is established correctly. The general chemical conditions are being carefully
explored and the mounting evidence on behalf of reducing conditions and for the assumption
of diffusive transport through buffer and backfill is increasingly convincing for saturated
barriers. Re-evaluation or refinement of the preliminary work on mass transfer coefficients
and on the retardation factor is advisable. The approach being used to model selected
radionuclide transport, specifically that of i 4C, through the buffer is an important supplemen-
tary endeavour (Garisto and Garisto, 1990). Modelling of uranium diffusion in a cracked
buffer system has been reported for a limited set of conditions (Garisto and Garisto, 1989).
Extension of this work to other radionuclides seems appropriate.



3. ASSESSMENT OF GENERAL PROGRAM

3.1 CONCEPT ASSESSMENT DOCUMENTATION

The objective of the present phase of the Canadian NFWMP is to provide a safety and
environmental assessment of the concept of deep geological disposal in the Canadian Shield
as well as to develop and demonstrate a technology for such disposal. This Concept
Assessment is to be based on extensive scientific and technical knowledge, utilize current
technology, and be evaluated through an approvals process designated by government
(Section 1.2). Its fulfilment is to be evidenced through the preparation and submission of
an EIS in 1991 as previously noted (Section 1.2). This extensive and complex endeavour
requires detailed scheduling and organization because of the large number of investigators,
and the multitude of disciplines and jurisdictions involved. The scheduling encompasses the
process of analysis of the multi-barrier, multivariable system which comprises "the concept"
and which depends ultimately on the production of models, validated insofar as possible from
actual laboratory and field measurements. The analysis requirement, through SYVAC and its
component models, has imposed a time frame on submission of proposed models and
supporting data within the program operation. Further time constraints arise from the need
to assemble the research program results of the past decade into over one hundred
supporting and background documents.

The current schedule still anticipates a submission of the EIS by February 1991 which had
required TAC to submit its scientific/technical review by mid 1990. We stated last year (TAC,
1989) that the outlook for making such an evaluation at the level of detail we feel is
necessary and within the time span indicated does not now look promising". This has
indeed proven to be so. To July 1990, we have received only three moderately-complete
EIS documents of the ten that are planned. These are all still in draft form:

Vol I ~ Concept for the Disposal of Nuclear Fuel Waste in Canada.
Vol IV ~ Used Fuel Disposal Centre Conceptual Design.
Vol IX - The Biosphere Model For Post Closure Assessment of Canada's Nuclear

Fuel Waste Management Concept.

In addition, several chapters, in draft form, are available for:

Vol VII ~ The Vault Model for Post Closure Assessment of Canada's Nuclear Fuel
Waste Management Concept.

Besides the ten EIS documents proper, there are numerous supporting and background
documents which also require review. Those for the Biosphere Model, for example, include
reports describing the atmosphere, the surface water, the soil and the food-chain sub-models,
as well as one on environmental protection. TAC is presently reviewing these as well as
others as a matter of priority. By virtue of their direct importance to the concept assessment
process, they deserve careful and comprehensive evaluation. In recognizing the task faced
by those writing and assembling the EIS with the present time constraints, as well as that
by TAC in its reviewing role, we again urge that the EIS schedule be reviewed and re-
evaluated as to the achievability of the major milestones and final deadline. We affirm that
TAC will make every effort to fulfil its responsibility in critical review of the EIS as its
component reports become available and will re-establish with AECL a mutually agreed
schedule for this role.
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The slippage in the schedule for document preparation is attributable to various factors. We
have indicated two reasons previously: budget reductions and delays in the initiation of the
approvals process by government. As previously noted the budget situation has stabilized
and the concept approvals process has been specified and is presently in progress. Both the
FEARO Panel and the Scientific Review Group have been established, and scoping hearings
are scheduled to begin in October 1990 and continue into November. Such developments
are necessary for the successful pursuit of the scientific and technical objectives of the
program including the maintenance of the focus and enthusiasm of research personnel
engaged within the program.

A distinction may be made between EIS research which provides the basis for or will be
included in the EIS and its supporting and background documents, and post-EIS research
which relates to some current and continuing or even new research investigations. The
results from post-EIS work will be useful and available to the actual reviewing process which
will be applied to the EIS both by TAC and by other outside groups and agencies. An
example would be the model assumed for container failures where they are ascribed,
amongst other causes, to corrosion. On-going long-term corrosion tests will continue to
produce results which can then be used to further understand the range of validity of the
model used in the EIS. TAC's evaluation of the EIS and its supporting reports will, as far
as can be possibly achieved, reflect both the research and analysis then reported, and also
the importance and direction of continuing research in the post-EIS category.

As was noted last year (TAC, 1989) the Concept Review Office, established in 1988.
coordinates and supports the preparation of Concept Assessment documentation and ensures
that regulatory requirements, review panel guidelines and public concerns are adequately
addressed. The concepts of internal peer review and of external peer review (including but
not necessarily restricted to TAC) had been clearly included. We reiterate that the
organizational and procedural processes established for the production of the EIS are
comprehensive, visible, and should allow achievement of the necessary internal review and
approval steps.

An important area of coordination is that with OH which holds the responsibility for research
into the storage and transportation of used fuel. As discussed above (Section 2.1.3.1) the
main emphasis in these areas lies in the preparation of the Pre-Closure Environmental and
Safety Assessment Report with its support documents which cover both transportation and
the operation of a conceptual Used Fuel Disposal Centre. The work here appears to be well
coordinated between OH and AECL, and information on progress is periodically exchanged
TAC is also kept aware of such progress.

3.2 PROGRAM ORGANIZATION, FUNDING AND INFORMATION

Through the past decade of TAC's reporting on its advisory role, we have annually and
briefly examined the general budgetary matters in a very broad way. In both matters,
organization and funding, our concern arises from their impact on the quality, direction or
requirements of the scientific and engineering tasks within the program.

Currently the organization within AECL, as the lead agency for the program, is clearly defined
with the Vice-President for Waste Management being Program Director. The organizational
structure continues to match coherently the program tasks as they develop or change, and
includes the necessary coordinating roles for the cooperative and contributory work by OH,
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government departments, consultants and contractors, as well as that arising from international
and bilateral agreements.

A renewed commitment by the Federal Government in March 1990 to the continuing support
of nuclear R. & D. included major financial participation by OH, as well as contributions by
New Brunswick and Quebec, extending over the next seven years. This adds stability to
both the planning and the execution of research work in the nuclear fuel waste disposal
program. Funding will be maintained at a level which should ensure the achieving of the
program's research objectives on a reasonable time scale. In certain program areas, as
discussed in Chapter 2 above, TAC, however, has given expressions of concern or specific
recommendations which can only be met by assignment of resources and investigatory efforts.
In our view, therefore, program continuation and completion to a satisfactory level may
require such action.

In all of our previous reports we have stated positive endorsement of such facets of the
program operation as contracting-out, access to program information and investigation results,
and publication in the open scientific literature. We reaffirm such endorsement here in
summary form with reference to such reports as TAC (1988) and TAC (1986) which provide
supporting details. As stated last year (TAC, 1989) we record our support for:

1. the policy of involving universities, industries and private consulting groups in the program
through contractual arrangements,

2. the policy oi full and free availability of research data, results and information through
meetings, reports, r?nd series of publications, and

3. the impressive achievements in scientific publication of many of the results from the
program in the peer-reviewed literature. Along with notable participation in national and
international conferences, such communication to the scientific and engineering community
gives strong and independent evaluations of the research standards that are being
maintained.

3.3 INTERNATIONAL CONTEXT

The extent of international activities related to radioactive waste disposal is indicated by the
continuing growth in cited scientific literature, in journals devoted largely or entirely to the
field, as well as international conferences and specialized workshops held both periodically
and annually. TAC views such world-wide activity as an important background against which
to evaluate the Canadian program. Based on the significant number of publications in the
scientific literature covering the major areas of the program as well as participation in
international scientific conferences, meetings and working groups, all with their attendant
elements of peer review. TAC judges that the Canadian contribution continues to be both
prominent and worthy.

Canada shares in major international activities under both international and bilateral
agreements. These have been described in the Program Guide (Rosinger et al., 1983), and
summarized in previous TAC reports (e.g. TAC, 1984). Included are agreements with Sweden,
the UK. and the Federal Republic of Germany. There is active Canadian participation in the
coordinating and working groups in the Commission of European Communities/European
Atomic Energy Community (CEC/EURATOM) and in the Organization for Economic
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Cooperation and Development/Nuclear Energy Agency (OECD/NEA), as well as contributory
effort in the International Stripa Project, and within program areas of the International Atomic
Energy Agency. These international working or study groups, consisting normally of 8-20
members, focus on particular technical areas. Member countries are represented by
personnel with the appropriate technical background to discuss and resolve common issues.
These were described in TAC (1989) as well as by Shemilt and Sheng (1989). It should be
noted that two of the working groups are approaching the end of their Phase 1 activities.
Launched in 1986, BIOMOVS (BJOsphere MOdel Validation Study) is an international,
cooperative effort to test biosphere models designed to calculate the environmental transfer
and bioaccumulation of radionuclides and other trace substances, to explore the assumptions
and deficiencies in the models, and to recommend future research for improving the accuracy
of model predictions. The work of this group is documented in a series of some ten
progress reports. A "Symposium and Workshop on the Validity of Environmental Transfer
Models" is to be held in October 1990 to review and summarize Phase 1 work and to
discuss proposals for Phase 2.

Similarly Phase 1 INTRAVAL (JNternational TRAnsport Model VALidation) work is drawing to
and end with the final workshop also to be held in October 1990. The purpose of this
project was to increase the understanding of how various geophysical, hydrogeological and
geochemical processes affect the transport of radionuclides from an underground vault to the
surface biosphere. The value of this type of international effort is demonstrated by the
participation of numerous countries and their willingness to continue into Phase 2 to expand
the scope of their work.

Further to special working groups such as those indicated above, there are efforts on the
international stage which address both technical and social issues which have common
features in waste disposal programs. These may be under national auspices such as through
scientific societies or under international auspices such as the IAEA. For instance, in Canada
in October 1990. the Institute for Social Impact Assessment is co-sponsoring with many other
national organizations, an "International Symposium on Social Aspects of Facility Planning and
Management" with respect to hazardous materials and wastes. As the name of the
symposium suggests, the planning and siting of a waste disposal facility involves many
controversial issues which need to be recognized, addressed and resolved.

To the two well-established annual conferences, the "Waste Management Series' sponsored
annually by the University of Arizona, and the Symposia Series "Scientific Basis for Nuclear
Waste Management" of the Materials Research Society, can now be added the International
High Level Radioactive Waste Management Conference and Exposition sponsored by the
American Society of Civil Engineers and the American Nuclear Society which held its
inaugural meeting in April 1990. This conference focused almost exclusively on scientific
and technical issues, and plans to continue on an annual basis

These areas of international activity allow the Canadian program access to bodies of direct
information and extend independent critical examination to a wide range of research work and
results The increase in interest in crystalline rock disposal (now being investigated in at
least twelve different countries) further emphasizes the potential advantages to be gained
through cooperative programs.

TAC reiterates its support for such international and cooperative actjvjtjes,.^nd.j;cgnsjders__that
the Qp_portunit]es_tg_. monitor, in detail, other national as well as .international work continue
tQ_be__e^nsiyeiy_us_ed_ by__C_anad|an_ program personnel. Further, we judge that the Canadian
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contributions to the international knowledge base in the field of radioactive waste management
are significant and well recognized. We continue to affirm our positive evaluations of the last
several years that the Canadian program exhibits a knowledge and appreciation of
international research results which are constantly being integrated into Canadian projects,
research plans and documentation for Concept Assessment." (TAC. 1988).

3.4 PUBLIC INFORMATION AND PARTICIPATION

As in previous years (TAC 1989) TAC continues to stress the importance of the provision of
program information and of public participation in review of program plans and progress.
TAC is satisfied that easily accessible information is being provided on the progress of work
being carried out in the general research program. Reports of research results are readily
available free of charge from AECL's document distribution center as well as from many
public libraries. A recently produced information booklet entitled "Managing Canada's Nuclear
Fuel Waste" describes the purpose and the scientific research of the program for the general
public. The booklet is augmented by a film "Planning for Tomorrow".

In preparation for the review of the NFWM Program, FEARO has released two reports: "An
Issue Paper On the Management of Nuclear Fuel Wastes" and "A Review of Various
Approaches Being Undertaken by Industrialized Nations for the Management and Disposal of
High-Level Nuclear Wastes". These reports give a general overview with the first one
presenting socio-economic issues as well as describing the technology involved. They provide
appropriate background material to assist meaningful participation by the public and interested
parties in the FEARO review process.

The first opportunity for public input under the FEARO process is through "scoping meetings"
where the purpose "is to allow review participants to tell the Panel about the environmental
and socio-economic issues that should be addressed in AECL's Environmental Impact
Statement." (FEARO, 1990). These scoping meetings are scheduled for various cities in New
Brunswick, Quebec, Ontario, Manitoba and Saskatchewan during October and November
1990.

In addition to efforts aimed principally at providing information, AECL established a public
consultation program in 1984 to provide a forum through which issues arising from various
aspects of the disposal program can be identified and public reactions analysed. The
program proceeded in two stages: (1) a series of consultative meetings with individual public
interest groups, and (2) an interactive workshop at which representatives from participating
groups discussed the issues that they had identified as being important with respect to
nuclear waste disposal. Two major concerns that had been identified were discussed in our
last report (TAC. 1989). Firstly many participants felt extensive monitoring was necessary to
verify the effectiveness of the system and to give early warning should problems arise
unexpectedly. This course of action was deemed preferable to the original goal of minimizing
burdens on future generations by adopting a "walk-away" vault design. Secondly, and closely
related to the first issue, was the strongly held view that retrievability of wastes should be
engineered as part of the design in the event of an accident or to take advantage of future
advances in technology such as fuel recycling.

A recent paper by Freeh and Greber (1990) describes other issues raised through the public
consultation process These include the vast differences between scientific and public
perceptions of risks associated with nuclear waste disposal; the need to minimize or eliminate
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transportation distances between the source and its ultimate destination; concerns about
security and control relating to sabotage and terrorism and the need for evacuation plans:
the social, economic, cultural and psychological impacts of disposal facility siting; equity
issues regarding the process of choosing a disposal site; and concern regarding the review
process instituted to evaluate the acceptability of the disposal concept. The identification of
these issues illustrates the importance and value of the public consultation program since it
enables AECL to focus on addressing those issues that are of general public concern. The
information may influence designs or even prompt a review of basic tenets as in the
monitoring issue. The consultation program also provides opportunities for the public to
make known its views and concerns through a organized process specifically designed for
that purpose. It is an appropriate means of making an input to the decision-making process
at an early stage and experience from the program may be very helpful in conducting
subsequent public forums or meetings. TAC supports unequivocally the continuing clear and
definite provisions for public participation at the various stages of program development and
review.

Besides interacting with the public. AECL also conducted briefing and information workshops
for government officials at the municipal, provincial and federal levels as well as to the news
media and industry representatives in the past year throughout Ontario and New Brunswick.
The main purpose of these briefings was to provide accurate background information to assist
in the reporting and decision-making during the upcoming review process. Presentations to
the science and technical community have been made (Freeh and Greber, 1989; Greber.
1989; Greber 1990). A two-day workshop was held for representatives from the nuclear
industry to provide information on the NFWMP.

The imminence of Concept Assessment review prompted a decision by AECL and TAC in
1988 to solicit more external participation in the evaluation of the program, especially by
scientific associations and engineering societies (TAC. 1988. 1989). As part of our role, we
also anticipate participating at the public hearings. Furthermore, TAC members continue to
inform their respective nominating societies of progress in the program as well as reporting
to the general science community by presentations and published papers (Appendix III). TAC
considers such activities as assisting in peer evaluation of the program.



4. RECOMMENDATIONS AND CONCLUSIONS

This Eleventh Annual TAC Report assesses the scientific and technical progress made within
the Canadian Nuclear Fuel Waste Management Program during the period July 1989 to June
1990 and comments on some general aspects of the program. There are a number of
judgments and some specific recommendations presented. Their generally positi";- nature
reflects the satisfactory development of the program and overall progress towards the
objective of preparation of an assessed and assessable concept for safe disposal. In
preceding sections, while most of our specific judgments and recommendations are
underlined, there are a considerable number of other suggestions or cautions included in our
review which we feel should be given attention. Many of our evaluations are the same as
or similar to those of our previous reports, but are repeated in order to provide a more
complete overview of the whole research program Reference to any previous reports is
usually given. In this section, summary statements of these judgments and recommendations
are collected. Where appropriate, the extracted recommendation is abbreviated and
interpreted to reflect our interest briefly and accurately. However, in each case the
appropriate section reference is given so that the full context can be noted.

4.1 PROGRAM CONCEPT AND DEVELOPMENT

1. The Committee notes that the general concept of a multi-barrier system involving
geologic media and engineered systems is based on known technologies and current
scientific knowledge, has gained strong international scientific and engineering support
as currently the most feasible and practical, and is the basis of several major national
and international programs which include the development of several underground
research laboratories. TAC continues to affirm its endorsement of the concept of deep
geologic disposal in such stable formations as those of the Canadian Shield, as one
justifying the major generic research program now well advanced. (Section 1.1).

2. TAC notes that the detailed process now projected for the evaluation of the first stage
of the Canadian research program, that of Concept Assessment, will be based on the
submission of an Environmental Impact Statement (EIS). This adoption of the Federal
Environmental Assessment and Review Process (EARP) will clearly ensure that regulatory
bodies, government departments, the scientific community, the general public, and
interested groups have the opportunity to provide views on the results of this complex
undertaking of research on nuclear fuel waste disposal. (Section 1.2).

4.2 ENVIRONMENTAL AND SAFETY ASSESSMENT

1. Although a regulatory risk limit has now been set. the concepts inherent in its
application are complex. TAC continues to recommend that AECL make efforts to
provide a clear exposition of risk criteria in any documentation where radiological risk
is a central matter, and that close monitoring of regulatory standards be maintained.
(Section 2.1.2).

2. For pre-closure assessment TAC observes that the draft documentation on transportation
assessment will be suitably comprehensive as a support document for the EIS, and
supports its use in public information programs. (Section 2.1.3.1).
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3. For post-closure assessment we re-affirm our previous judgment that the concept of
system variability is a sound and justifiable approach to environmental and safety
assessment provided the conceptualization of the system, including all its component
parts and parameter distributions, has validity. (Section 2.1.3.2).

4. Progress has continued in addressing TAC's on-going recommendations on software
quality assurance, including the compilation of error logs. A commitment to ensuring
the quality and credibility of the SYVAC code is essential. (Section 2.1.3.3).

5. TAC deems event tree analysis for quantifying inadvertent human intrusion risks to be
a valid approach, but notes that the sequence of events must be carefully chosen to
ensure that the events are truly independent of one another. (Section 2.1.3.3).

6. TAC continues to consider sensitivity analysis of SYVAC code data as essential, and
supports investigating further the approach of using fractional factorial statistical analysis.
It would also be appropriate to carry out uncertainty analysis on the constituent models
for SYVAC. (Section 2.1.3.3).

4.3 ENVIRONMENTAL RESEARCH

1. TAC views the development of the various submodels for the biosphere model to be
progressing well, and has been making suggestions to AECL on the various draft
reports supplied. As available, each final submodel report will be reviewed carefully.
(Section 2.2).

2. TAC supports the continuation of the on-going research on the helium indicator for deep
groundwater discharge and on radionuclide migration in soils. (Section 2.2.4).

4.4 GEOSCIENCE RESEARCH

1. TAC considers the geological research to exhibit high quality, continues to support a
substantial research effort on fracture systems, and suggests that consideration be
given to extending such studies to existing mines and drill core to further our
understanding of the distribution of fractures at depths in rocks of the Canadian Shield.
(Section 2.3.3).

2 TAC maintains the view that the experimental work related to time effects on the
mechanical response of intact rock should be extended. (Section 2.3.4.1).

3. TAC considers that the Evaluation Response Test and the Mine-By Experiment are of
particular importance for improving the ability to predict the behaviour of a rock mass.
(Section 2.3.4.2).

4. TAC considers that the comparison of different methods of in situ stress determination
at the URL site as currently being done is essential. (Section 2.3.4.3).

5. TAC suggests that the determination of the Burst Proneness Index be included in the
URL characterization program. (Section 2.3.4.4).
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6. The URL provides the site and focus for the integrated geoscientific studies in
hydrogeology, hydrogeochemistry, geology, geophysics and geomechanics which are
needed to give a coherent framework for characterization of a disposal site. TAC
deems the Operating Phase Experiments giving effect to this to have been carefully
planned and well addressed. The program is comprehensive, the objectives are
carefully specified, the priorities are realistically assigned, there is full recognition of the
need for sensitivity to the interrelationships and interactions among the experiments, and
there appears to be adequate flexibility in experimental design to match the complex
nature of the measurements and observations involved. (Section 2.3.5).

7. TAC considers the overall quality of the geophysical research to be excellent and well-
conceived. The applicability of geophysical surveys in regional investigations is now well
established. Reprocessing of existing seismic data should be continued. Emphasis
should be maintained on underground geophysical methods in support of future site
characterization and vault design. (Section 2.3.6).

8. TAC judges that the problems related to measuring and defining sorption coefficients
and factors affecting sorption processes are well understood, that the present approach
even with the deficiencies noted is reasonable and appropriately cautious, and that
strong encouragement should be given to the continuation of the work as planned.
(Section 2.3.7.2).

9. Since AECL appears well aware of the deficiencies in current knowledge needed to
assess adequately the possible role of colloid transport, TAC supports continued activity
in this area as planned. (Section 2.3.7.3).

10. TAC deems as important the research contributions being made to the provision and
compilation of data for international thermodynamic data bases. (Section 2.3.7.5).

11. TAC continues to support the on-going research effort on natural analogs, again notes
that analogy must always be drawn with great care, and now proposes that ground-
water flow be explicitly included among analog criteria applied to natural uranium
deposits. (Section 2.3.8).

12. TAC recommends that the possibility be investigated for a natural analog study involving
1 2 7 I from natural groundwater discharge. (Section 2.3.8).

13. In general. TAC agrees with and supports the objectives and scope of the hydrogeology
component of the program, but suggests inclusion of flow system boundaries and flow
directions as components in the hydrogeological mapping that is being done. (Section
2.3.9).

14. TAC reaffirms its opinion that, from a groundwater hydraulics point of view, regional
recharge areas have positive characteristics as potential vault locations. A recharge
position in regional groundwater flow systems should, therefore, be considered for
inclusion as a vault-siting criterion. (Section 2.3.9).

15. TAC reiterates its previous view that the effort to develop both regional and local
geosphere models is a worthy contribution but, to ensure credibility, these models need
to be validated through empirical field observations. We also advocate the extension
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of the present modelling in order to allow an assessment of flow-paths originating in
a recharge zone. (Section 2.3.10).

16. TAC has previously noted the need for full documentation and explanation of the
simplification methodology involved in the development of the geosphere model, i.e. in
the transition from MOTIF to GEONET. TAC recommends that the provision of details
on this geosphere model development be treated with some urgency in order to
expedite its evaluation as well as to clarify any potential limitations in its applicability.
(Section 2.3.10).

4.5 IMMOBILIZATION AND VAULT SEALING TECHNOLOGY

1. Based on the publications and reports that have already been issued, TAC considers
the work on waste forms to be of high scientific quality, and to have addressed those
aspects appropriate to Canadian fuel recycle waste and Canadian disposal conditions.
(Section 2.4.2).

2. TAC supports the continuing work on used fuel characterization including the long-term
tests to yield comparisons with the fuel dissolution model. (Section 2.4.3).

3. TAC strongly supports the experimental work on long-term creep properties, both of
titanium and copper, and considers that the development of the structural performance
modelling to an acceptable level of reliability is essential. (Section 2.4.4).

4. TAC judges the continuing and planned investigations on titanium corrosion and delayed
hydride cracking to be fully justified, well conceived, and dedicated to elucidation of
factors essential in the improving and further validating of a predictive container failure
model. (Section 2.4.4).

5. TAC continues to affirm the need for continuing the research on copper corrosion in
realistic vault conditions, and notes that the experimental program recognizes adequately
the requirements for data that can be employed in the development and validation of
a predictive copper container failure model. We note again the desirability of a critical
examination of copper pitting, studies on which have not been pursued this past year.
(Section 2.4.4).

6. TAC deems as important the investigation into the possible existence of a critical
minimum hydraulic pressure which must be exceeded before water can flow through
a bentonite material, as well as the continuing laboratory studies on properties and
performance of the reference buffer material. (Section 2.4.5.1).

7. The Buffer/Container Experiment at the URL appears to be progressing favourably in
all phases and, in TAC's view, is a well conceived, efficiently coordinated and essential
program of research. (Section 2.4.5.1).

8. TAC advises that a very careful investigation should be undertaken with respect to any
guarantee that the needed volume of the bentonite produced will meet required
specifications for the reference buffer material. (Section 2.4.5.1).
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9. We reiterate our previous evaluation that there is an appropriate emphasis on
ascertaining grout mix compositional effects, on careful consideration of the grout-rock
interfaces, and, overall, on gaining a thorough mechanistic understanding for chemical
durability and for long-term physical effects. (Section 2.4.5.3).

10. With regard to the container failure model, TAC observes that all pertinent assumptions
should continue to be examined critically, that the concepts of an initial defect fraction
and of neglecting uniform corrosion as a potential failure mode are soundly based, and
that consideration of the effects of creep-induced degradation, microbial presence,
radiation damage to the container, and interaction between a failed and unfailed
container should be included or their absence justified. TAC also recommends that
there should be critical examination and possible further development of the basis for
calculating penetration rates from weight change data based on analysis of crevice
geometry, and observes that a stronger experimental and theoretical base for developing
the temperature-rate relationship to be used in the model is most desirable. In addition,
TAC suggests that the study of potential crevice sources for an actual container be
expanded to take account of the existence of a sand layer between buffer and
container, and the possibility be examined of defining container failure by crevice
corrosion as penetration of the corrosion allowance depth over some fraction of the
container area. (Section 2.4.6.1).

11. TAC suggests that the following aspects of the solubility model be examined or re-
examined prior to its final utilization in SYVAC: (1) justification for the use of pure
UO2 instead of real fuel, (2) the use of such broad ranges of groundwater composi-
tion, (3) the time scale for buffer-groundwater interaction processes and equilibration,
and (4) justification for the probability distribution assignments that have been made.
(Section 2.4.6.2).

12. The final conceptual mass transfer model is not yet issued but the simplified basis is
sound, and the mathematical framework for the diffusive mass transport is established
correctly. Re-evaluation or refinement of the preliminary work on mass transfer
coefficients and on the retardation factor is deemed advisable. (Section 2.4.6.3).

4.6 GENERAL PROGRAM ASPECTS

1. In recognizing the task faced by those writing and assembling the EIS with the present
time constraints, we feel that the EIS schedule should be reviewed and re-evaluated as
to the achievability of the major milestones and final deadline. We affirm that TAC will
make every effort to fulfill its responsibility in critical review of the EIS as its component
reports become available and will re-establish with AECL a mutually agreed schedule
for this role. We reiterate that the organizational and procedural processes established
for the production of the EIS are comprehensive, visible, and should allow achievement
of the necessary internal review and approval steps. (Section 3.1).

2. We again record our support for: (a) the policy of involving universities, industries and
private consulting groups in the program through contractual arrangements, (b) the
policy of full and free availability of research data, results and information through
meetings, reports, and series of publications, and (c) the impressive achievements in
scientific publication of many of the results from the program in the peer-reviewed
literature. (Section 3.2).
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3. TAC strongly supports the international and cooperative activities in which AECL and
its investigators participate, and "considers that the opportunities to monitor, in detail,
other national as well as international work continue to be extensively used by Canadian
program personnel. Further, we judge that the Canadian contributions to the
international knowledge base in the field of radioactive waste management are significant
and well recognized. We continue to affirm our positive evaluations of the last several
years that the Canadian program exhibits a knowledge and appreciation of international
research results which are constantly being integrated into Canadian projects, research
plans and documentation for Concept Assessment." (TAC. 1988). (Section 3.3).

4. TAC supports unequivocally the continuing clear and definite provisions for public
participation at the various stages of program development and review. (Section 3.4).

5. TAC records its support for any additional involvement of scientific and engineering
groups and associations in the processes of peer evaluation and assessment of the
research results of the Canadian Nuclear Fuel Waste Management Program.
(Section 3.4).
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APPENDIX II

SUMMARY OF TAC-10

The Tenth Annual Report of the Technical Advisory Committee (TAC) assesses the
scientific and technical progress made within the Canadian Nuclear Fuel Waste Management
Program (NFWMP) during the period June 1988 to June 1989. The Committee notes that
the general concept of a multibarrier system involving geologic media and engineered systems
is based on known technologies and current scientific knowledge, and has gained strong
international scientific and engineering support as currently the most feasible and practical.
TAC continues to endorse the full investigation of the concept of nuclear waste disposal deep
in plutonic formations, such as those in the Canadian Shield.

The program results are to be presented through the submission of an Environmental
Impact Statement (EIS), a compilation of reports and data. The process for evaluating the
EIS through the Environmental Assessment and Review Process (EARP) will clearly ensure
that all parties including regulatory bodies, government departments, the scientific community,
the general public, interest groups, etc., have the opportunity to provide views on the results
of this complex research on nuclear fuel waste disposal

Assessment of the disposal concept requires the development and application of
radiological and risk criteria now established by regulation. The concept of risk and its
application are complex and continued efforts should be made to provide a clear exposition
in any documentation where risk criteria is a central matter.

The examination of the complex multibarrier system utilizes system variability analysis.
TAC considers this a sound and justifiable approach to environmental and safety assessment
provided the conceptualization of the system, including all its component parts and parameter
distributions, has validity. Software quality assurance and sensitivity analysis must continue
to be applied to ensure the reliability of computer codes and models.

TAC considers the food chain/dose (CALDOS) submodel report to be of high quality and
an impressive example of the formulation and presentation of a model for a carefully-defined
portion of the biosphere. Similarly, the draft atmosphere submodel report is well organized
and clearly and logically presented. The experimental research on sorption in soils and on
the role of plants in contamination assessment are experimentally sound, of high quality and
relevant to the development of a credible biosphere model.

The overall quality and conduct of the geological research program shows that the
research is well conceived and appropriate within the budgetary constraints that limit the
program to concentrate work at the Whiteshell Research Area (WRA). Within this area, the
Underground Research Laboratory (URL) provides the site and focus for the integrated and
well-coordinated geoscientific studies in hydrogeology, hydrogeochemistry, geology, geophysics
and geomechanics. The development of hydrogeological instrumentation and data acquisition
has been quite outstanding and the individual hydrogeological investigations have been
carefully planned and exceedingly well executed. Consideration should be given to the
formulation of fairly long-range plans for a renewed regional Flow System Study and also the
modelling of a hypothetical vault in an unambiguously recharge region.

Structural geological observations at the URL raise the possibility that rocks such as
gneisses may be potentially more suitable than granitoids for a disposal vault. The current
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excavation response and related tests are of importance for improving predictability of rock
mass behaviour and the steps taken towards general rock mass characterization are appro-
priately directed and alternative methods for stress determination under high lateral stress
should continue to be investigated. Underground geophysical methods have shown great
value in site selection and characterization as well as for vault design, and merit priority in
the program.

TAC judges the geochemical research to be of high quality and competently executed.
The Large Block Radionuclide Migration Program which includes both sorption and desorption
studies are useful in developing and testing of chemical retardation models. Both laboratory
and field migration experiments are required if colloid movement through fractured rock is
to be addressed adequately.

In spite of the limitations of natural analogs and the care with which analogy must be
drawn, TAC considers the program efforts on natural analogs to be well justified, centred
appropriately on Canadian phenomena, and contributing important data to the overall body
of knowledge.

An impressive array of published work supports TAC's affirmation that the program has
provided increasingly detailed knowledge of the general behaviour of used fuel under a wide
range of conditions. There is clear and explicit understanding of the problems involved in
developing models that will realistically reflect future vault conditions. The current emphasis
on corrosion studies on copper, including the critical examination of copper pitting, should
be maintained.

TAC considers that the increasing growth of confidence for bentonite-based buffer and
sealing materials to provide an effective barrier for the isolation of nuclear fuel wastes is
merited. The buffer development program is comprehensive and the continuation of studies
on backfill/rock interaction and its modelling are deemed essential. TAC's current estimate,
pending receipt of final reports, is that the work performed to date in relation to grouting,
and shaft and borehole sealing has been soundly and well executed.

TAC welcomes the recent developments in the stabilization of the program budget and
the concept approvals process that has been specified and initiated recently by the
government. In view of the daunting task of writing and assembling the EIS within the
present time constraints, the EIS schedule should be reviewed and re-evaluated as to
achievability of the major milestones and final deadlines. Furthermore, the maintenance of
the current level of funding appears to be crucial if the research objectives of the program
are to be achieved.

We again record our support for: (a) the policy of involving universities, industries and
private consulting groups in the program through contractual arrangements, (b) the policy of
full and free availability of research data, results and information through meetings, reports,
and series of publications, and (c) the impressive achievements in scientific publications of
many of the results from the program in the peer-reviewed literature. TAC also strongly
supports participation in international and cooperative activities, an area where we judge the
Canadian contributions to the international knowledge base in the field of radioactive waste
management to be significant and well recognized. TAC supports and urges additional
involvement of scientific and engineering groups and associations in the processes of peer
evaluation and assessment of the research results of the Canadian NFWMP, especially of the
EIS. Finally, TAC supports unequivocally the continuing clear and definite provisions for
public participation at the various stages of program development and review.
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PREFACE

The report TAC-10, issued by the Technical Advisory Committee in July 1989, has been
studied in detail by researchers at AECL whose work was commented upon in that report.
Their responses, suitably collated and edited, are presented in this Appendix to TAC-11.

The first part of each entry (printed in bold type) is a word-by-word extract from TAC-10,
with the page and paragraph on which it appeared also indicated. The second part is the
response of AECL scientists to that particular item. The titles of the sections are the same
as in TAC-10. References are listed on the last page.

All AECL staff thank the Technical Advisory Committee for the in-depth, constructive review
provided in TAC-10. This review by the Technical Advisory Committee is invaluable for
productive scientific research, and it also serves as an excellent example of the openness
of the program.
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2.1 ENVIRONMENTAL AND SAFETY ASSESSMENT

2.1.3.3 Post Closure Assessment -- Quality Aspects

"Last year (TAC, 1988) we expressed concern over the adoption
of software development procedures that were modified with the
specific intent to save time. This practice has continued and
indeed has extended in scope this year. While we can appre-
ciate the urgency in producing a functional code to carry out the
assessment within the imposed deadline, the new approach would,
in our opinion, bypass several of the important steps in the
quality assurance process. We realize that some procedures can
be implemented after code completion but, in our view, this
approach would be inferior to the one in which the quality was
"built-in" during the code design and development stages. TAC
feels, therefore, that the option which has been adopted should
only be retained if strong justification can be advanced." (p. 11,
para. 7, p. 12, para 1 and Recommendation 4.2, No. 3)

Efficiency and effectiveness in producing functioning code are important considerations in the
quality assurance process. Testing of individual modules has proven to be more time
consuming and less effective in detecting significant errors than testing of the integrated
program. Therefore, our modified software development procedures place greater emphasis
on extensive integrated-program testing early in the development cycle and defer module
testing to a later stage. We have found that integrated-program testing increases feedback
between model developers and software developers, enhances our understanding of how the
simulation models behave, and provides more confidence to the modellers that the software
is correctly encoded. The modified procedures have proven effective in producing functioning
code, and have increased our overall confidence in its reliability.

2.2 ENVIRONMENTAL RESEARCH PROGRAM

2.2.7. Ecological and Other Factors

"In the development of the biosphere model it has been assumed
that current environmental conditions prevail and long-term
environmental change such as that due to glaciation has not
been considered. The possible effects of glaciation on the rate
of radionuclide release to the biosphere, however, will be treated
in a separate report on glaciation (Ates, et al., 1989) which is
presently undergoing revision." (p. 17, para 2)

An additional report on glaciation that will be issued as a Technical Record describes a
method for breaking down the glacial cycle into distinct states for the biosphere. It identifies
radionuclide transport pathways and associated parameter values for four biosphere states
and discusses transient events that could influence the behaviour of radionuclides in the
biosphere. This report will be part of the basis for the reasoned arguments required by the
AECB for risk beyond the 10 000 year time cut-off for quantitative prediction.
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2.3 GEOSCIENCE RESEARCH

2.3.2. Geology

"A problem recognised at the URL is the tendency for rocks
there to spall at shallower levels than is normal elsewhere on the
Canadian Shield. TAC has previously noted (TAC, 1988) the
scaling, microcracking and spading which occurred in the URL
extension. From experience at the 420 m level it seems probable
that mining would be expensive at significantly deeper levels, and
potentially dangerous and costly even at the proposed minimum
500 m level." (p. 19, para. 3)

Based on our experience so far, we see no grounds for assuming that the stress environ-
ment at the URL represents a serious impediment to mining either from a cost or safety
point of view. Our investigations indicate that the spalling is due to locally high lateral
stresses rather than residual stresses. Even though quartz content is about 35% in the
granite, time-dependent stress relaxation by microcrack propagation appears to the dominant
form of failure observed below 300 m, and that suggests little potential for rock bursts. Very
light ground control methods (in comparison to most mines) and normal maintenance
procedures have ensured safe workplace conditions.

"The fact that rock bursts are less prevalent, at the same depth,
in mines on the Shield, few of which, if any, are excavated in
mechanically isotropic granitoids, suggests something unusual
about the Lac du Bonnet granitoid. It may be that such isotropic
rocks in general will have a higher tendency to burst than other
less isotropic rocks. Thus further evaluation of rocks such as
gneisses, should probably be considered in the future." (p. 19,
para. 3)

"Structural geological observations at the URL raise the possibility
that rocks such as gneisses may be potentially more suitable
than granitoids for a disposal vault." (Conclusion 4.4, No. 3,
P- 53)

The tendency to burst is influenced by a number of factors, not elastic isotropy alone. The
acting stress environment, the rate of stress relaxation, the apparent homogeneity of the rock
mass (including fracture intensity), the design of the excavations and the method of
excavation all have a bearing. All of these factors are specific to a design at a specific site
and must be considered for any rock type in which an excavation will be made (including
gneiss).

We would note that investigation of the gneisses bounding the Lac du Bonnet batholith has
been and continues to be an integral part of the regional study of the Whiteshell Research
Area. Similarly, our previous work at the Chalk River Research Area involved a wide variety
of investigations in gneissic terrain.

The structural geological observations made so far at the URL do not provide a basis for
comparison of granitoids to gneisses as potential disposal media. In our view, general
conclusions (as opposed to site specific conclusions) about the relative suitability of particular
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rock types based on one particular property or parameter are not useful in the context of
disposal site selection.

"The possible effects of a new Continental Glaciation have been
considered by Ates et al. (1989). They predict renewed glaciation
throughout Canada in 10,000 to 40,000 years. A prediction of this
type is questionable since it is based only on historical
frequency. However, the possibility that the disposal facility might
be subjected to renewed glaciation during its potentially
dangerous life span has to be considered real." (p. 20, para. 1)

The use of historical frequency is appropriate in considering when a future glaciation is likely
to occur. Use of recurrence methods (analysis of the historical frequency) is a standard
component of scientific investigation of many phenomena. They are used particularly for
events like floods and earthquakes where the effects of the phenomenon can be catastrophic
for man and time of occurrence and the magnitude of occurrence cannot be predicted
deterministically from the known current conditions and a set of physical laws.

2.3.4 Underground Research Laboratory (URL)

"Through the construction time the technical activities were
performed as a cooperative program by AECL, the Swedish
Nuclear Fuel and Waste Management Company (SKB) and the
US/DOE." (p. 22, para. 5)

There is not a single cooperative program with three participants. The cooperative program
with SKB covered only the characterization of the 240 m level, in which the US/DOE did not
participate. The cooperative program with the US/DOE covered the extension of the shaft
and the planning of some future experiments, in which SKB did not participate.

2.3.5 Hvdrogeology

"The ... shift in emphasis to preparation for Concept Assessment
... has ... seen a de-emphasis on the Flow System Study ... From
aiming to understand groundwater flow at all depths down to, and
somewhat exceeding, 1000 m over a region with carefully
established hydrological boundaries, there has been a concentra-
tion on establishing credibility in the ability to understand and
predict accurately groundwater flow in an area where detailed
observations can be and have been made. This becomes an
approach to site characterization at a scale appropriate to
evaluation of any candidate disposal site. However, only if it is
adequately inclusive of deep flow can it meet the main objectives
of the original Flow System Study, and at the same time provide
the broadest and best contribution to meeting the safety
requirements of the overall disposal concept. TAC suggests that
it would be appropriate to consider the formulation of fairly long-
range plans for a renewed regional Flow System Study to support
the site-selection phase of the program, when and if it arises."
(p. 24, para. 4, and Recommendation 4.4, No. 5)
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There has not been a de-emphasis or decrease in scope from what was originally proposed
for the Flow System Study in the regional hydrogeological investigations being done at the
Whiteshell Research Area. The investigations are still being done to the same depths and
in the same detail as originally proposed, and the size of the geographic area of investiga-
tions has been substantially increased from the original Flow System Study plans. We
believe that the work being done will achieve the original objectives of the Flow System
Study and do so better than the originally proposed program. It is true that we also
consider the hydrogeological investigations at the WRA to be part of a demonstration of the
overall site characterization methodology which will be combined with the results of our
investigations at Chalk River, East Bull Lake and Atikokan, but we do not see that as in
any way a shortcoming.

We do not believe that initiation of another Flow System Study at some other site as a
continuation of generic research would provide sufficient additional information of use in
selecting or characterizing a potential disposal site to be a justifiable allocation of resources.
Although we believe that such work would undoubtedly be of scientific interest, more generic
research at new sites would be of significant benefit to the Canadian Nuclear Fuel Waste
Management Program only if the sites were potential nuclear fuel waste disposal sites.

"It would seem reasonable to TAC that consideration should be
given to systematic investigation by modelling a hypothetical vault
placed in an unambiguously recharge region." (p. 25, para. 1 and
Recommendation 4.4, No. 5)

The term "unambiguously recharge region" requires clarification. Groundwater recharge
situations must be characterized and examined in the context of their relationships to the
groundwater flow paths of interest. Some groundwater recharge areas may only be the
source of water for local or shallow groundwater flow systems whereas others may be the
source of water for deeper regional flow systems. In this context, the three dimensional
hydrogeological structure is of equal importance to groundsurface topography.

At a potential disposal site area, a systematic examination of various vault location options
would be done. The characterization program for the site would be designed to ensure that
the specific data needed for such an exercise were obtained. If the suggestion is that it
woufd be beneficiaf to examine the consequences of locating a hypothetical vault at different
places within the groundwater flow system model of the Whiteshell Research Area, we agree.
We intend to examine these aspects when we complete our assimilation of the past five
years of information from the regional geoscience investigations of the area.

2.3.6.1 Rock Characterization at the Small Scale Level

"Studying the time-dependent microcracking and environmentally-
induced stress corrosion is important ... While the theoretical
aspect of this problem seems to be well covered by the existing
rock mechanics modelling efforts, TAC judges that the experi-
mental side should also be covered by an extended rock testing
program. ... such a testing program should include both failure
and post-failure behaviour, with special attention to the
occurrence of dilation due to microcracking and shear strains in
the rock." (p. 26, para. 3 and Recommendation 4.4, No. 7)
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It is not clear to us how additional small-scale rock testing would be useful. The
microcracking model MCDIRC has been evaluated by comparison of calculations with
observations from extensometers and acoustic emission monitors measuring the response to
URL excavations. A constitutive model that will follow the pre- and post-failure response in
the URL granite is being developed for comparison with the observations from the Mine-by
Experiment. Observations on the scale of the Mine-by Experiment would seem to be the
most useful in addressing the concerns raised.

2.3.6.3 In-Situ Stress Measurement

Two non conventional stress measurement methods have been
attempted ... Another one, ... based on observation of borehole
wall spading and ovalization ... could be extended to the scale
of the URL shaft below the 240 m level. A continuous observa-
tion of the extent and intensity of microcracking activity and the
evaluation of the shape of the microcracked zone ... could give
an independent check of the direction and value of lateral
stresses acting on the shaft." (p. 28. para. 1)

We agree. We have taken this approach in the shaft extension using observations of
spading on the shaft walls and boreholes, convergence data and acoustic emission/
microseismic data.

2.3.6.4 Disposal Centre Engineering

"The design concept for the UFDC ... has not been optimized.
Clearly such optimization should seek to satisfy both rock
mechanics and hydrogeology requirements and should include a
computer simulation of the whole progressive excavation and
backfilling process, taking into account long-term behaviour of
rock mass, buffers and backfills." (p. 28, para. 5)

We agree that optimization of the design for an actual disposal facility would include
extensive computer simulation of rock mass, buffer and backfill behaviour considering both
rock mechanics and hydrogeology. Much of the experimental program for the URL is
focussed on developing and demonstrating the methodology for doing just that. Attempting
to optimize a conceptual design in the absence of a specific potential disposal site would
not be meaningful or useful.

2.4 IMMOBILIZATION AND VAULT SEALING TECHNOLOGY

2.4.3 Used Fuel Characterization

"Knowledge of the chemistry of UO2 dissolution appears well
advanced through investigations on the major parameters of redox
conditions, groundwater composition, temperature and radiation.
Electrochemical experiments have shown that under reducing
conditions the dissolution is likely controlled by the solubility of
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uranium compounds in the groundwater. Groundwater composi-
tional effects, emphasizing ionic strength as the controlling
variable have been considered carefully. The effects of pH and
of complexing anions, with an appropriate emphasis on carbonate,
have been explored. However, the question of secondary-phase
formation as contributory to enhanced dissolution remains not
fully answered." (p. 34, para. 5)

The literature on the impact of secondary-phase formation on UO2 fuel dissolution was
reviewed in a recent article (Sunder and Shoesmith 1989). Although the question of
secondary-phase formation as contributory to enhanced dissolution remains not fully
answered, it seems that the formation of secondary phases on the UO2 surface may inhibit
dissolution by forming a semi-impermeable layer (Lahalle et al. 1989) for oxidant transport to,
or dissolved uranium transport away from the UO2 surface. The possibility that secondary-
phase formation on or near the fuel surface may accelerate fuel dissolution has not been
discounted. If such an acceleration can occur then it will be limited by the maximum
irreversible UO2 dissolution rate attainable for the redox and chemical conditions which exist
at the fuel surface. Our present program to develop a dissolution model for UO2 as a
function of redox conditions, using electrochemical and radiolysis methods, will provide
measurements and/or predictions of these rates. The values obtained will place upper limits
on the extent to which secondary phase formation can affect dissolution for a given vault
chemistry. The potential accelerating effect of secondary-phase formation on used fuel
dissolution has been incorporated into the vault model.

"An impressive array of published work supports TAC's affirmation
that the program has provided increasingly detailed knowledge of
the general behaviour of used fuel under a wide range of
conditions. TAC considers that the development of models
predictive of used fuel dissolution has proceeded logically and
productively, with acceptable confirmation of assumptions involved.
There is clear and explicit understanding of the problems involved
in developing such models that will realistically reflect future vault
conditions. The areas of continuing investigation are well justified
even though results are not going to be available for inclusion
in the EIS." (p. 35, para. 2 and Recommendation 4.5, No. 2)

We are continuing our studies on determining the parameters required for a predictive model
for the oxidative dissolution of UO2 fuel. The relative rates of UO2 oxidation by selected
radicals, formed during the radiolysis of water, have been determined (Sunder et al. 1989).

2.4.4 Container Development and Material Evaluation

"TAC considers that critical examination of copper pitting is
desirable, and that the current emphasis on corrosion studies on
copper should be maintained." (p. 37, para. 2 and Recommenda-
tion 4.5, No. 4)

Our investigations of the corrosion mechanisms of copper are scheduled to continue. In
particular, we are attempting to develop electrochemical techniques to study the susceptibility
of this material to pitting. We intend to perform a series of experiments to analyze the
noise associated with corrosion potential and coupled current measurements. Such
measurements may indicate whether copper is susceptible to pitting under conditions where
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pitting may often not be visible within the time frame of the experiment. By supporting such
experiments with more conventional electrochemical and immersion tests we hope to outline
the environmental conditions under which pitting could /could not occur.

"Experiments to determine the effect of creep stress on hydrogen
uptake and on delayed hydride cracking are important and should
be pursued even though 5-year exposure results in the canister
experiments show no detectable increase in hydrogen content ..."
(p. 37, para. 3)

We agree with this observation. An extensive program is in place to study the impact of
stress and hydrogen content on delayed hydride cracking in both Grades-2 and -12 titanium.
Results obtained to date suggest that delayed hydride cracking will not occur in the Grade-2
material and that very high hydrogen contents are required before the material becomes
brittle. Our results with Grade-12 suggest that susceptibility to this form of cracking may be
complicated by microstructure. The presence of |3- phase in Grade-12 may increase the
susceptibility. Our preliminary results indicate that non-ductile fracture only occurs at high
hydrogen concentrations, and fast strain rates. This, in turn, suggests that delayed hydride
cracking may not occur, and that creep (i.e., slow strain rate) will lead to ductile failure and
not catastrophic brittle failure. A much clearer and more quantitative understanding of these
effects is required before more definitive options can be offered.

"... and that each assumption in the corrosion failure model be
rechecked thoroughly to ensure that any unrealistically conserva-
tive aspects are eliminated." (p. 38, para. 1 and Recommendation
4.5, No. 5)

This check is under way but will require time. For example, we are hoping that a closer
examination of the noise associated with crevice potential, planar potential and coupled
current movements will indicate whether a material is susceptible to crevice initiation in
various environments. An extensive catalogue of such measurements may enable us to relax
our conservative assumption that crevice corrosion will always initiate at time zero.

Similarly, experiments on the dependence of crevice propagation rates on oxygen content
may enable us to couple the propagation rate to the evolution of vault redox conditions.
Such a coupling would enable us to remove the conservative assumption that crevice
propagation continues at a constant, sustained rate until failure.

Other assumptions are being similarly re-evaluated.

2.4.8.3 Model for Transport in the Vault

"Special consideration needs to be given to transport through the
boundary between the rock and either the buffer or backfill. In
ICAD2 (Wuschke et al, 1985) this was handled through the
introduction of a mass transfer coefficient whose value depended
upon hydrogeological conditions in the surrounding rock.
Modifications are being made in this treatment of transport across
this interface." (p. 44, para. 3)

In the Vault Model we continue to use a mass-transfer coefficient for the exit boundary
condition of the mass-transport equations. The adequacy of this approach has been
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discussed by Garisto and LeNeveu in AECL-9578 (1989). The basic features of this model
have not changed since ICAD2. However, some quantitative improvements have been
implemented, as described in AECL-9578 (1989).

Moreover, work on alternative approaches to the mass transport model has started. Garisto
and Garisto (in preparation) have developed an algorithm that solves directly for concentra-
tions and fluxes without using any mass-transfer coefficients and /or response functions, while
LeNeveu (in preparation) has developed a response function solution of the same problem.
A comparison of the two algorithms is planned for 1990.

2.4.8.4 The Vault Model

"For a quantitative assessment of the total vault model it is, of
course, necessary that mathematical equations be developed to
represent adequately the behaviour implicit in each component of
the model. TAC has not vet had an opportunity to review all
such developments, and so cannot comment further on their
adequacy." (p. 44, para. 6 and Recommendation 4.5, No. 9)

An AECL report entitled 'The Vault Model for the Disposal of Used CANDU Fuel:
Documentation and Analysis of Scoping Calculations" by Garisto and LeNeveu was made
available to TAC, possibly too late to be included in the present review. This report covers
many aspects of the Vault Model and its detailed review by TAC will be appreciated.
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A P P E N D I X VI

TECHNICAL ADVISORY COMMITTEE TO AECL

ON THE NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

ABBREVIATIONS AND ACRONYMS

AECB Atomic Energy Control Board
AECL Atomic Energy of Canada Limited
ARA Atikokan Research Area
BCC Biological Council of Canada
BEIR Biological Effects of Ionizing Radiation
BIOMOVS Biosphere Assessment Models
CAD Concept Assessment Documentation
CALDOS Calculated Dose - Food Chain Model
CANDU CANadian Deuterium Uranium (reactor)
CAP Canadian Association of Physicists
CC-3 See SYVAC
CEC Commission of European Communities
CGC Canadian Geoscience Council
C)C Concrete Integrated Container
CRNL Chalk River Nuclear Laboratories (AECL)
EARP Environmental Assessment and Review Process
EIC Effects Induced Cracking
EIS Environmental Impact Statement
EMR Department of Energy, Mines and Resources (Energy, Mines

and Resources Canada)
EURATOM European Atomic Energy Community
FEARO Federal Environmental Review Office
FZ2 Fracture Zone 2
GEONET Geosphere Flow Model
HLW High-Level Waste
HTF Hydrostatic Test Facility
IAEA International Atomic Energy Agency
IBSS Iron-Based Stres-Shell
ICAD Interim Concept Assessment Document
ICRP International Commission of Radiological Protection
INTRAVAL International IRAnsport Model VALidation
IRC Interagency Review Committee (AECB. Environment Canada.

Ontario Ministry of the Environment)
IRFs Instant Release Fractions
MDIRC Microcrack Driven Intact Rock Creep
MOTIF Finite Element Groundwater Flow Computer Code
NCRP National Council on Radiological Protection and Measurements
NFWMP Nuclear Fuel Waste Management Program
OECD/NEA Nuclear Energy Agency (Organization for Economic Cooperation

and Development)
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OH Ontario Hydro
PDF Probability Density Functions
PSAC Probabilistic Systems Assessment Code
QA Quality Assurance
RBM Reference Buffer Material
SKB Svensk Karnbranslehantering AB (Swedish Nuclear Fuel and Waste

Management Company)
SQA Software Quality Assurance
SRG Scientific Review Group
SYVAC SYstem Variability Analysis Code
CC-3 Canadian Concept Version 3 of SYVAC, refers to the vault, geosphere

and biosphere models
TAC Technical Advisory Committee to AECL on the Nuclear Fuel

Waste Management Program
TAC-1 First Annual Report of the Technical Advisory Committee
TAC-2 Second Annual Report of the Technical Advisory Committee
TAC-3 Third Annual Report of the Technical Advisory Committee
TAC-4 Fourth Annual Report of the Technical Advisory Committee
TAC-5 Fifth Annual Report of the Technical Advisory Committee
TAC-6 Sixth Annual Report of the Technical Advisory Committee
TAC-7 Seventh Annual Report of the Technical Advisory Committee
TAC-8 Eighth Annual Report of the Technical Advisory Committee
TAC-9 Ninth Annual Report of the Technical Advisory Committee
TAC-10 Tenth Annual Report of the Technical Advisory Committee
TR Technical Record
TWPP Thin-Walled Particulate-Pacted
TWSS Thin-Walled Structurally-Supported
UFTA Used Fuel Transportation Assessment
UNSCEAR United Nations Committee on the Effects of Atomic Radiation
URL Underground Research Laboratory
US/DOE United States Department of Energy
WNRE Whiteshell Nuclear Research Establishment (AECL)
WRA Whiteshell Research Area


