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Post script

IEER presented this report to the CLIS on 14 February 2011 at St. Dizier. On 16 February 2011,
three members of the IEER team (Elena Kalinina, Annie Makhijani, and 1) met with Andra at the
Bure site. Benoit Jaquet, the CLIS general secretary was also present. At Andra’s request, IEER
had sent questions to Andra on 15 February relating to some of the principal concerns and
recommendations in our report.

We had a very productive interchange, followed by lunch. Before we left, Andra also provided
us with some documents we requested. We were very hospitably received and we wish to thank
Andra for the informative scientific interchange, for the documents, and for the delicious lunch.

Andra provided written answers to our questions on 28 February As a result of some of the
clarifications provided on matters of fact and further research by IEER, we have modified the
report presented to the CLIS to a modest extent in the following ways:

1. Contrary to IEER’s impression, Andra had used borehole data, and not surface seismic
investigations to conclude that microfissures were plugged. IEER agrees with this
approach for determining whether microfissures are plugged. Hence this finding has
been changed (Chapter 1, Chapter 2 and a modification has been made in the texts of
Chapter 2 and 3 to indicate this fact).

2. Andra stated that it uses standard earthquake catalogs in its analysis of earthquake
magnitudes and intensities to be used for analyzing seismological issues at the Bure site.
We have modified the text and finding to reflect this fact.

3. We further reviewed Andra’s research on bentonite thermal conductivity, having found
more detailed results in Andra’s literature. We have changed the text to reflect our



current understanding of Andra’s use of a higher conductivity value for bentonite than
used in our calculations.

4. Andra provided IEER with a report that has data that show that a fault partly under the
ZIRA (Figure 3-1 in the IEER report) does not run through the Callovo-Oxfordian
formation but rather much below it, in the Dogger. We have added some text indicating
that the IEER concern relating to this fault has been addressed.

5. Andra stated that it has an analytical process for determining whether, when, and how
data from other sites is transferred for use in understanding and analyzing the Bure site
and provided IEER with a paper published in a scientific journal discussing this topic.
IEER has added some text in Chapters 4 and 6 to indicate that Andra has a procedure for
addressing the transferability issue.

Except for the findings relating to items 1 and 2 above and minor changes relating to bentonite
conductivity (item 3 above), all other findings and recommendations are essentially unchanged
from the report presented on 14 February 2011.

We have requested the CLIS to post Andra’s response to IEER’s questions (the response also
contains the questions themselves) along with the IEER report on the CLIS website. IEER
believes that the IEER findings and Andra response relate the nature of the work remaining to be
done and the interpretation of the data that have been collected already. That could provide the
basis for a future fruitful interchange, should that be desired.

Finally, the whole IEER team, and especially the coordinator of this project, Annie Makhijani,
and myself would like to thank the CLIS, including President Canova and Secretary General
Jaquet for the warm welcome we received.

Arjun Makhijani
9 March 2011



Chapter 1: Scope of work, findings, and recommendations
1.1 Introduction

The work in France on the development of a deep geologic repository for high-level and
medium-activity long-lived waste (abbreviated as HA-MAVL) is focused on a site near Bure, in
the Meuse/Haute-Marne region. Andra has done several years of work in an underground
laboratory at the site. It has also studied a 250 square-kilometer area® that is known as the
transposition zone, which includes the underground laboratory. Andra is prohibited by law from
locating the repository at the same location as the underground laboratory. Therefore, the study
of the transposition zone is necessary for the selection of the location that is to be characterized
for potential use as the repository.

In 2009, Andra selected a zone, called “zone d’intérét pour la reconnaissance approfondie,” or
ZIRA for short, for repository characterization. The goal of this review of Andra’s work at the
Bure site is to investigate whether the research that has been done in the underground laboratory
and in the transposition zone was advanced enough and conclusive enough to determine and
define a suitable ZIRA. A part of the review is to give an opinion regarding favorable as well as
unfavorable elements revealed by the research so far. Based on this, the review also draws
conclusions regarding the sufficiency of the work, regarding the important data that have been
collected, and whether there are critical or important gaps in the data at this time that indicate
further work is needed before reaching certain conclusions.

In sum, this report is about the selection of the ZIRA within the transposition zone which was
earlier selected. We should also say what this report is not. It is not about the selection of the
Bure site or the definition of the transposition zone. That had already occurred many years ago.
Besides periodic reviews by the Commission Nationale d’Evaluation (CNE), Andra’s work at the
site, including the underground laboratory has been the subject of many reviews, including one
done by the Institute for Energy and Environmental Research for the Comité Locale
d’information et de suivi (CLIS).? We will refer to our earlier review and findings in this report
as appropriate.

In the course of this review, the entire IEER technical team visited the Bure underground
laboratory and the CLIS library and offices on August 18-19, 2010. We want to thank our hosts,
Andra and the CLIS, for the informative visit that we had and for the warm reception we
received.

1.2 Criteria for the ZIRA
Andra had already specified some criteria when it selected the transposition zone. The criteria

for the ZIRA selection should be seen in this context. According to the Institut de
radioprotection et de streté nucléaire (IRSN), Andra’s criteria for the transposition zone were:>

L IRSN 2009 p. 1

® |EER 2005

® IRSN 2009 pp. 1-2. The bullet points are paraphrased and summarized from this IRSN document and are not an
exact quote.



e An argillite formation in the host rock (Callovo-Oxfordian, or C-O) more than 130 meters
thick.

e Structural properties similar to those in the underground laboratory, notably characterized
by the absence of tectonic structures and distance from the major Gondrecourt fault of
one kilometer and of the southwestern Marne fault of one-and-a-half kilometers.

o Sufficient mineralogical homogeneity within the transposition zone to ensure the
necessary transport and retention properties.

e A depth of the host rock that would not exceed 630 meters to limit geomechanical
disturbances due to drilling and excavation.

The selection of the ZIRA had the following five specific criteria:

A thickness of the host formation of more than 140 meters.

A hydraulic gradient less than 0.2 m/m.

The maximum depth of the host rock less than 600 meters.

The potential to construct the infrastructure perpendicular the incline of the host rock.

A reduced thickness of the karstic layers (Barrois) to pass through to connect the surface
to the underground (shaft or ramp).*

Andra has selected a 30 square-kilometer ZIRA in the southeast of the transposition zone.
According to the IRSN, this is twice the area estimated to be required for waste emplacement.”

This report examines the state of the data, Andra’s analysis of it (to the extent it is available to
us), and Andra’s conclusions about it to evaluate the extent to which the knowledge gained in the
underground laboratory and the research in the transposition zone allows a confirmation that the
selection of the ZIRA meets these criteria. As noted, we also recommend additional research in
areas where it appears necessary or desirable to ensure that these criteria are met. As regards the
criteria themselves, we would agree that they are sound.

Additional ZIRA criteria relate to surface features, such as list, such as surface water, location of
surface installations near villages, etc. This report does not consider these criteria because its
scope is limited to geologic considerations relating to the selection of the ZIRA.

1.3 Topics covered in the report

This report has five chapters following this introduction (whose author is Arjun Makhijani). The
author (or authors) of each chapter is indicated, though it should be noted that this was a
collaborative effort with input and suggestions for each chapter, including this introduction,
being provided by the whole team.

Before listing the chapters and their contents, it should be noted that this review was done in a
very brief period relative to the volume of documentation to be examined. The brevity was
necessitated by the exigencies in which the CLIS found itself. Moreover, we found that Andra
often states conclusions without providing references to the underlying data or analytical

* IRSN 2009 pp. 3-4
* IRSN 2009 p. 4



materials making it very difficult to trace the basis for Andra’s conclusions. In this
circumstance, we cannot be certain that the gaps we have found are actual gaps in all cases or
whether there is a cache of data in a publication somewhere, such as a doctoral dissertation that
contains the requisite information that we identified as a gap. Of course, we have tried to be as
careful as possible in identifying gaps and making our recommendations, but this caveat should
be kept in mind. We would advise that should Andra claim to have data or analysis to fill gaps
identified or should it already have completed research recommended, it should provide the
CLIS and its reviewers with the specific information that would allow a verification of the
statements. It was partly because we could not always trace how Andra arrived at its conclusions
that we conducted our own verification of Andra’s statements in two chapters (3 and 5). This
helped the IEER team to assess some of Andra’s conclusions regarding the suitability of the
ZIRA selection in relation to the specified criteria.

The remaining chapters are as follows:

Chapter 2: Seismic data and seismic characterization (Author: Gerhard Jentzsch).
Some of the most important criteria for the transposition zone and hence also for the ZIRA
relate to its homogeneity. The absence of microfissures, the extent of the Gondrecourt and
Marne faults, and the evaluation of the 2D and 3D research done so far are considered in this
chapter. In addition, the seismologic characterization of the site and its environs is
considered. The characterization of the earthquake hazard in the region, the ability to
estimate maximum expected intensity so as to design underground and above ground
structures are also addressed in this chapter.

Chapter 3: Hydrogeological parameters (Author: Elena Kalinina). The chapter
evaluates the state of Andra’s research regarding the characteristics and properties of the host
rock and surrounding formations in the transposition zone. This is to determine how these
properties may affect contaminant transport in the geologic media and whether the various
factors affecting that transport and long-term repository performance have been adequately
taken into account. The chapter examines horizontal and vertical homogeneity (or lack
thereof), the variations and uncertainties in hydraulic conductivity, and other hydrogeological
matters of importance. The objective is not to assess the performance of the repository. That
must await a characterization of the ZIRA. The objectives are to (i) determine whether these
uncertainties can or should have been narrowed through further work in the transposition
zone, and (ii) point to research areas and methods of analysis that can give a more accurate
picture of the uncertainties at this stage prior to ZIRA characterization.

Chapter 4: Rock mechanics (Author: Jaak Daemen, in collaboration with Krishan
Wahi). This chapter examines Andra’s research on the mechanical response of the proposed
repository system and argillite properties. The implications of inhomogeneities for the
stability of emplacement holes or of construction infrastructure are examined. For instance,
the evidence of the shear displacement along some fractures and the potential issues they
may pose for satisfactory sealing of emplacement holes are discussed. The extent of Andra’s
research and the evidence presented on various related topics is examined.

Chapter 5: Thermal aspects (Author: George Danko). This chapter examines various

thermal goals that need to be achieved for a repository in the transposition zone. It examines
the thermal characteristics of the transposition zone and the repository layout to meet the
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temperature criteria set by Andra. While recognizing that unreprocessed spent fuel is not
currently required to be part of the design criteria, the chapter examines issues that may arise
in case of the contingency that such disposal may be required in the future.

Chapter 6: Comparison with other programs (Authors: Krishan Wahi and Arjun
Makhijani). There are a number of deep geologic repository programs around the world,
with the most advanced ones in terms of investigations and schedules currently being in
Europe. Several of these have underground research laboratories associated with them. This
chapter briefly reviews some of the work done at repository and research locations in other
countries for its relevance to the Bure project. It summarizes some of Andra’s extensive
collaborations with other programs, including Mont Terri in Switzerland and Mol in
Belgium. It also briefly reviews the Engineering Studies and Demonstration of Repository
Designs program (ESDRED, for short). Andra was the coordinator of the ESRED program.

Each chapter lists its own findings and recommendations. Some of the major ones are
summarized here for convenience.

1.4 Findings and Recommendations

1.4.1 Strengths

1. Andra and repository research: Andra is a leader in underground laboratory research in
a number of areas and has done excellent work that has advanced the state of the art and
repository science and engineering through its own work and through its international
collaborations. It has accomplished a remarkable and impressive research effort in
support of its Bure repository program. The broad range and in depth efforts are
absolutely outstanding. The IEER team was very impressed with the work being done in
the underground laboratory, which we visited on August 18, 2010. Yet we have
reservations as described below.

2. ZIRA selection: Andra appropriatelg/ used geologic criteria to narrow the zone in which
to locate the ZIRA from the 250 km? Transposition Zone to 100 km?. The underlying
considerations were primarily sedimentological; the thickness and depth criteria were
met. The 30 km? ZIRA was selected from this area using surface-related socio-economic
criteria in consultation with the communities in the area. We have not examined socio-
economic considerations relating to the selection of the ZIRA because they are outside
the scope of this review. However, we note that since socio-economic considerations
were used to narrow down the 100 km? to 30 km?, the issue of whether the ZIRA is the
best one within the 100 km? from a geologic point of view did not arise in our review.

3. Major faults and seismic data: The major faults, the Gondrecourt and the Marne, are
outside the ZIRA and would provide favorable hydrogeological features in the directions
where they are located. However, there are no comparable hydrogeological features in
some directions. The 2D (2007-2008) seismic campaign on the transposition zone and
the 3D (1999-2000) seismic campaigns centered on the underground laboratory at the site
are convincing.

4. Modular design: The conceptual modular design approach for the repository lay-out is a
sound one. Separating emplacement locations for various waste types by significant
distances greatly enhances the credibility of the arguments in support of containment and
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isolation performance and of implementing reversibility, even though it might incur a
considerable additional cost.

Thermal properties: The measurement methods used by Andra are credible and
believed to be capable of evaluating thermal properties correctly, even in anisotropic
rock. The anisotropy in the thermal conductivity of argillite is an important detail when
performing predictive thermal calculations. Our analyses confirm that an “equivalent”
isotropic value (e.g., geometric mean of the component values in different directions)
may be used to produce an adequately equivalent thermal response.

1.4.2 Findings

1.

Optimistic performance view: Probably the most serious concern, overall, is a pervasive
optimism in the interpretation of complex phenomena with regard to repository
performance. One striking example of this, repeated in multiple reports, is the postulate
that the repository will behave essentially as an ideal fluid over a million-year period: all
voids will be closed and sealed, including void space in primary waste packages, disposal
cells, disturbed rock (fractured and microfissures), and seals. All deviatoric stresses will
vanish. In effect, Andra assumes that the repository generally will return to a pre-
construction state or something close to it with regard to waste isolation characteristics
and behavior. Andra’s performance assumptions often seem very optimistic.

Timetable: The official timetable for the repository project is far too rushed, given the
amount of research and characterization that remains. It will take more than a few years
of additional work; however, since so much work still remains to be done, we cannot give
a more precise estimate of the amount of additional time that will be needed. In any
event, we believe that it will involve a significant extension of the present schedule.®

Source term: The source term has not yet been clearly defined. The design of the
repository, performance assessments, the nature of the boreholes to be drilled all depend
on the specification of the amounts and the kinds of wastes that will be disposed of.
Andra has been allowed to proceed on the assumption that all wastes will be reprocessed.
At the same time it has been suggested (but not mandated) that disposal of unreprocessed
spent fuel should be considered. There is no specified quantitative limit to each type of
waste and to the total source term. This is a critical gap that leaves in doubt a host of
other questions, such as (i) the performance results, (ii) the size of the repository and (iii)
whether the rock type and repository design can suitably accommodate the amounts and
types wastes that may be disposed of, including spent fuel.

Homogeneity and isotropy or lack thereof: Andra relies on the homogeneity and
isotropy of the Callovo-Oxfordian formation in its evaluation of the long-term repository
performance. However, Andra’s approach does not adequately represent the range of
possibilities. Moreover, in some cases, the experimental data were excluded in a way
that biased mean values and resulted in underestimating the actual observed range in the
parameter values. This inadequate consideration of the variability in the properties of the

® The present schedule is: public debate in 2013; license granted in 2015, retrievability conditions decided in 20186,
and waste emplacement to begin in 2025. See http://www.jaif.or.jp/ja/wnu_si_intro/document/2009/andra-
geological_disposal-general.pdf (Andra [undated]).
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host rock in the transposition zone is a major concern. Moreover, the ZIRA itself is
inhomogeneous -- that is, the properties of the host rock change within the ZIRA.
Specifically, the properties are different in the southwest or south of the ZIRA from those
to the north or northeast of the ZIRA. This conclusion about heterogeneity is based on
many lines of evidence, including those cited by Andra itself (as discussed in Chapter 3).
However, Andra has largely ignored this heterogeneity except in a sensitivity analysis
that IEER considers inadequate. While the impact of the inhomogeneities on the
transport and retention properties may turn out to be small, Andra has not established the
nature of the inhomogeneity within the ZIRA. Andra’s assumption that inhomogeneities
are not significant for performance is premature. .

Diffusive and advective flow: Andra believes that diffusive flow will dominate in the
Callovo-Oxfordian formation. However, a probabilistic analysis of Peclet numbers as
well as tracer data indicate that there is a significant potential for mixed diffusive and
advective flow.

Performance results: Andra’s performance analysis uses only a limited sensitivity
analysis to explore the effect of the range in parameter values on performance.
Moreover, Andra has not done a full probabilistic analysis using the appropriate ranges of
parameters. As noted, Andra also optimistically assumes that only diffusive flow will
occur. A simplified probabilistic safety analysis we performed with the parameter
ranges consistent with the ones defined by Andra indicates that these uncertainties in the
input parameters result in the uncertainty in the total maximum dose of five orders of
magnitude. In contrast, the potential range in the total maximum dose defined by Andra
as one order of magnitude (or two times when the proposed repository is located at the
URL site) might be underestimated. Proceeding to a ZIRA selection without such a
probabilistic analysis of performance using available data was methodologically
inadvisable. Proceeding further without a full probabilistic analysis and an independent
review of the parameters used in that analysis is also inadvisable.

Earthquake potential: The earthquake potential of the site appears to be low. We
understand that Andra uses the standard archives of earthquakes. Similarly, Andra
indicates at one point that a probabilistic analysis has been done for various return
periods. Andra has evaluated ranges for the return periods for some specific locations.
But we could not find a comparative analysis of how the ground shaking was maximized,
given the catalogs of earthquakes used by Andra both for the operational period and the
post-closure period. An easily accessible probabilistic analysis of acceleration and load is
important for a review of the basis of design of surface facilities and especially waste
handling facilities.

Plugged microfissures?: The microfissures found by Andra in the underground
laboratory were plugged. Whether this will continue to be the case in the ZIRA remains
to be determined, since underground characterization is needed to arrive at such a
conclusion. Extension of the conclusion about plugging of microfissures to the ZIRA
would be premature.

Permeability change in EDZ: We have a number of concerns regarding various aspects
of the mechanical performance of the repository during the open period as well as after
closure claimed by Andra. Specifically, host rock permeability may be increased by 3 to
5 orders of magnitude in the emplacement horizon, as indicated by some measurements,
rather than being restored to within an order of magnitude as assumed by Andra.

13



10.

11.

12.

13.

Slot Cutting: The process of placing swelling clay seals includes cutting slots into the
formation at selected intervals with the purpose of interrupting fluid flow along the
liner/argillite interface. Portions of the concrete liner are removed to enable slot cutting
at these intervals. However, the method of removing sections of the concrete liner is not
mentioned. We are concerned that mechanical damage to the remainder of the liner is
unavoidable under the proposed scheme. One option is to incorporate the slots (and the
associated seals) at the same time the liner is installed to avoid removing sections of the
liner.

Measurement of thermal properties: In spite of a very comprehensive summary of the
thermal properties measurements, the choice of flash method will keep the questions
open for the validity of the conductivity results in non-isotropic media such as the
Callovo-Oxfordian argillite. Inconsistent heat conductivity values in subsequent Andra
documents are a cause for some concern and need a traceability (quality assurance)
check, even if the discrepancies are small and are thought to be insignificant.

In situ thermal and disposal research: Andra has not yet done sufficient work in the
underground laboratory to ensure that the mechanical, thermal, and other criteria for
disposal will be met. Specifically, Andra has not emplaced one or more full-size
canisters with simulated waste, sealed the emplacement holes, and tested various
procedures, assumptions and conclusions. As noted, Andra had done and continues to do
excellent collaborative work with other programs. However, while collaborative work
with others can provide and has provided critical experience and information in
proceeding with the investigations at Bure, it is not a substitute for critical in-situ
research in its own underground laboratory. Site-specific issues, such as damage during
drilling of trial emplacement holes, provide a strong indication that further work is
needed.

Spent fuel disposal: We recognize that Andra is not mandated to take into account
disposal of unreprocessed spent fuel (either uranium or MOX) at the present time and that
the design is proceeding on the basis of disposal of vitrified high-level waste and long-
lived medium level waste. However, it is suggested that Andra also investigate updated
waste disposal scenarios involving spent fuel. The borehole requirements for spent fuel
disposal are drastically different and more difficult than for disposal of vitrified high-
level waste. Specifically, drilling a 3.3 meter borehole for spent fuel disposal would
present severe challenges, in view of the difficulties already encountered ina 0.7 m
borehole (see Chapter V).

1.4.3 Recommendations

1.

External review: Andra has done a lot of good and in many cases excellent scientific
work. However, its performance assessments tend systematically to the optimistic side
and do not fully reflect the details of the data. In the course of this review, we could not
determine some essential details of the scientific work that Andra has done but it appears
that some data get omitted or downplayed in performance assessments. To avoid such
optimistic assessments, a significant level of continuing independent external review,
considerably beyond present external reviews, is needed. This review should be
concurrent with the research, and continue through all phases, including after the start of
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repository operation, if it is licensed. The review could be done by the IRSN; however it
would need to be adequately staffed, with personnel from various relevant
specializations, and sufficiently funded. It is necessary to independently review and
thoroughly evaluate all aspects of Andra’s voluminous scientific work and how it is
incorporated into its performance and safety assessments.

2. Redundancy: Andra’s performance assessments assume that the geologic medium will
by itself be sufficient to meet the long-term radiological performance criteria. However,
as noted, Andra’s assessments are optimistic; a probabilistic assessment using the full
range of parameters shows a much wider range of results than Andra’s limited sensitivity
analysis. Moreover, much research remains to be done. Further, the source term is not
yet precisely defined. The combination of these factors results in large uncertainties in
the performance assessment and indicates the need for Andra to consider alternative
conceptual models, including waste containers that are much more durable that would be
designed to play a role in limiting the source term beyond the engineered barriers.
Currently, Andra assumes that the geologic features of the host rock alone will be
sufficient to provide satisfactory performance over very long periods of time. An
approach in which the engineered barriers provide a redundant isolation capacity for
performance would also reduce the uncertainties in whether the performance goals can be
met and is therefore desirable from that point of view as well. IEER had also
recommended an approach to design that included such redundancy in its 2005 report.’

3. Source Term: The amounts and types of waste that will be disposed of at the repository
should be definitively specified as soon as possible. Uncertainty about whether spent fuel
will be disposed of and about the total amounts of fission products and actinides,
including transuranic radionuclides, could lead to serious technical problems down the
line. For instance, Andra is not now actively preparing for spent fuel disposal even
though the requirements for such disposal are much more complex and severe from
mining and stability considerations.

4. Performance assessment: Andra should carry out a probabilistic performance
assessment using the full ranges of parameter values. Andra needs to take better account
of heterogeneity, the potential for both advective and diffusive transport, in the vertical
pathways. The circumstances that create the potential that the dose criteria might not be
met should be identified and taken into account in design measures, such as reducing the
source term in the far field. Such measures should be evaluated for their adequacy in
addressing the problem, should it arise.

5. EDZ evolution: A reasonably conservative assumption, which we endorse, would be to
assume that the EDZ does not fully repair itself to create in situ permeability and /or state
of stress. In fact, it may be best to assume that the EDZ retains the worst state of
estimated damage throughout the repository life.

6. Factors in creep behavior: The creep behavior of argillite is a complex function of at
least three parameters that all vary, in space and time, in a repository environment.
Specifically, tests show that deviatoric stress, saturation, and temperature all affect
significantly the rate of creep. The interrelationship of these environmental factors and
their effect on repository performance appears to have been treated rather qualitatively.
A better integration of the combined influence of these factors is warranted.

" IEER 2005 p. 24
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7.

Prototype repository: Andra should consider building an experimental area in the
underground laboratory similar to the Prototype Repository that has been built in Sweden
in the Underground Laboratory. It should be designed to show, so far as is possible in an
experiment lasting a few years, how the actual repository might work in practice, and to
determine with greater realism some of the performance parameters that are specific to
Bure, including the in-situ performance of HLW canisters under thermal stress.

Horizontal versus vertical emplacement: We recognize that there are important
advantages to horizontal emplacement design including minimizing the vertical extent of
the waste packages. However, given the difficulties of making large boreholes in this
type of sedimentary rock, as evidenced by fractures and deformations in several
boreholes drilled in the underground laboratory, the possibility for waste emplacement in
vertical boreholes should be revisited, especially for spent fuel disposal. The holes for
spent fuel canisters required will be very large — 3.3 meters in diameter and ensuring their
stability using horizontal placement will present formidable challenges in the Bure
argillite, should spent fuel disposal be needed.
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Chapter 2: Seismic data and seismological characterization of the transposition zone

Strengths

1. In our view, the investigations at Bure are quite convincing. For instance the seismic
investigations cover the whole area and they also cross the faults of the boundaries. Thus,
these limits are completely characterized. This is clear from the various figures we have
reproduced above from

2. Andra’s documents. Andra’s overall work is of good quality, but there are some gaps
in the analysis.

3. Andra’s 2D and 3D work is scientifically sound.

Findings

1. The microfissures found by Andra in the underground laboratory were plugged.
Whether this will continue to be the case in the ZIRA remains to be determined, since
underground characterization is needed to arrive at such a conclusion. Extension of the
conclusion about plugging of microfissures to the ZIRA must be validated with data
obtained specifically in the ZIRA.

2. Although the presence of vertical faults with a throw greater than a few meters is ruled
out, it is clear that vertical water pathways exist, which can even be observed in local
quarries. The calcites to be found close to the surface provide evidence of this.

3. The earthquake potential of the site appears to be low. We understand that Andra uses
the standard archives of earthquakes. Similarly, Andra indicates at one point that a
probabilistic analysis has been done for various return periods. Andra has evaluated
ranges for the return periods for some specific locations. But we could not find a
comparative analysis of how the ground shaking was maximized, given the catalogs of
earthquakes used by Andra both for the operational period and the post-closure period.
An easily accessible probabilistic analysis of acceleration and load is important for a
review of the basis of design of surface facilities and especially waste handling facilities.
4. Errors related to units should be corrected in some of the reports. In a few instances,
velocity units are shown instead of displacements, frequency in confused with period, etc.

Recommendations

1. Andra should provide an easily accessible probabilistic analysis of acceleration and
load used that it plans use in the design of surface facilities, especially waste handling
facilities, in the same place as the catalog of earthquakes used to derive them for ease of
review.

2. In general, Andra should provide documentation of its results that is more accessible
and easier to review.
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2.1 Seismic data collection, investigations, research and analysis for the selection of the ZIRA

The main faults are seismically well investigated and documented.® 3D seismic results are
described in two volumes (already from the year 2001); in addition new experiments were
envisaged.’

The transposition zone was defined; a principal justification is that its characteristics are similar
to those of the underground laboratory. According to Dossier Argile 2005:

Finally, the transposition zone is defined as the surface area upon which the Callovo-
Oxfordian properties and the geology of the surrounding formations are similar to those
determined at the Meuse/Haute-Marne underground Laboratory site.... It represents an
extension of the order of 200 square kilometres.'

This is complemented by statements of homogeneity in the ZIRA (Zone d’Intérét pour la
reconaissance approfondie - zone of interest for detailed research, which is the zone to be
characterized for a possible repository). However, as we will see in the next chapter neither the
transposition zone nor the ZIRA is homogeneous. The transposition zone is part of the host rock
and, thus, the geological barrier. It should cover the volume of rock in which the radionuclides
are trapped for the defined isolation period.

In an Andra report there is a short characterization of the transposition zone as being capable and
stable to allow the building of the underground installations:

It can support boring of underground tunnels and construction of underground facilities
that would induce only moderate damage that would, a priori, not be susceptible to the
creation of preferential flow pathways. There is an area of 250 km? that appears to have
these properties. This is so-called transposition zone.™

It appears that the seismic investigations cover the whole area and they also cross the faults of
the boundaries. Thus, these limits are completely characterized. According to Dossier Argile
2005:

The Andra research area is bounded by:

- in the south east, the Gondrecourt-le-Chateau graben with a north east/south west
direction,

- in the south west, the Marne graben oriented north/north west. It extends south along
the Poisson fault which is parallel to this graben

- to the north, the Aulnois-Saint-Amand structure which presents slightly dipping layers.
The Callovo-Oxfordian formation is composed of clay formations, argillites, which
thickness varies from 130 to 160 metres in the study area. All the layers making up the
Callovo-Oxfordian and the surrounding formations are practically horizontal, with a
slight dip from 1° to 1.5° towards the west and the centre of the Parisian basin.*?

® Andra Cartographie 2001 Figure 39ff.

® Andra Sismigue 2001

19 Dossier Argile 2005 Synthesis p. 65

1 Andra Sdreté 2010 p.17

12 Dossier 2005 Argile, Synthesis p. 65. Emphasis in the original.
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In Figure 2-1 a geological block diagram of the Meuse / Haute-Marne sector is given.
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Figure 2-1. 3D geological block diagram of the Meuse/Haute-Marne sector (Source: Dossier
2005 Argile, Synthesis p.66).

2.1.1 Review of the research on the homogeneity of the transposition zone or lack thereof

In Synthése du programme de reconnaissance de la zone de transposition,*® the results of
borehole investigations revealed microfractures (as described in Section 3.2.1.1 of this report).
Although the presence of vertical faults with a throw greater than 10 meters is ruled out,** there
is not enough data at present to rule out secondary faults with a throw of between five and 10

3 Andra ZT 2009 Section 4.2.1.3 Les microstructures (p. 70)
Y Dossier 2005 Argile, Synthesis p. 88
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meters.®> We note that there is evidence of vertical pathways; these can even be observed in
local quarries. The calcites found close to the surface are evidence of that. At present we cannot
say whether the vertical pathways are due to small faults or not.

Dossier 2005 Argile, Synthesis states:

Due to the low permeabilities of the Oxfordian and Dogger formations, flow is very slow:
hydro-geological modelling shows that, in the transposition zone, velocity is in the order
of a kilometer per hundred thousand years in the Oxfordian, and even slower in the
Dogger. These velocities are consistent with the results of analyses of chlorine-36 and
carbon-14 isotopes. The mean age of the water in the Oxfordian and Dogger formations
is approximately 400 000 years and 1 million years respectively.

Finally, the hydraulic heads measured in the Oxfordian and Dogger formations are
similar and, at the transposition zone scale, do not represent an effective driving force for
water displacement in the Callovo-Oxfordian formation. Given the argillites low
permeability, the vertical water flow velocity (appraised by the Darcian velocity) is in the
order of a few centimetres per 100 000 years in the Callovo-Oxfordian formation.®

This last statement only holds true for rocks with a very low permeability without the presence of
microfractures or for rocks in which essentially all microfractures are plugged. Evidence from
the boreholes in the underground laboratory indicates that this is the case; the ZIRS remains to be
investigated in this regard.

The reconstruction of the Oxfordian layer morphology derived from 3D seismic investigations
shows that the rocks in this layer have permeabilities from 10”° m/s to as high as 10" m/s. (See
Chapter 3 for further discussion.) The length of the given section is about 3 km (Figure 2-2).

> Andra ZT 2009 p. 12
18 Dossier 2005 Argile, Synthesis p. 95. Emphasis in the original.
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Figure 2-2. Reconstruction of the Oxfordian porous layer morphology on the basis of 3D seismic

data (Source: Dossier 2005 Argile, Synthesis p. 95)

2.1.2 Seismic characterization

Andra has conducted a seismic characterization (more than 170 km of seismic lines and 2D and
3D seismic campaigns) as well as stress measurements. In addition to the already available
seismic lines new lines were identified (Figure 2-3).

22



s110008]
[ 1%

2) - E8Ti108!
S s

o 7 Jesti3 \
R R 3 3.3 b AR & X
¥ b= = R \{ 7 NEsTi118 Y EST1124 \
P ¥ ESTD‘!' < JESTIIAPERT [k - : 4
- o) € S pes ESTZe
= 51 -7 4{EST1119; £ ,/ £ n
ek s 1 T e 5 A A -
P e x W7 2 AR ; - 5 K
Ay b B o s MR () L
o BBt an] ) V% B LEGENDE
Anciens profils ssmiques
| —— Profis sismiques 2007
®  Fomges VT

$/1 @ Forages VT acqus en minkPSV
®  Formges VT non réalisds
0 Emprise sismique 30

4 Forage profond

R

S = . 2 - (o 2%
G g § Fon R %
=7 1 '.’43‘6‘: = s SNV, P ¢ {EST1122] @K% 2
l"e.., Dy P o ; NS e Q Laborstokee
. - b Lo ario ", F sposition
e 23 | ) 2hmf ot o a1 Ny 7 Zone do tan
| iy (P e N (7 ,. i
36000

Figure 2-3. Localization of the 2D seismic work: New lines in deep blue and old lines in light
blue; boreholes are also given (Source: Andra ZT 2009 Figure 2-3 (page 18))

Figure 2-3 should be compared to Figure 2-4 below, which provides seismic lines from Dossier

2005.

As we will see in Chapter 3, there are variations in porosity across the transposition zone.
According to Dossier 2005 Argile, Synthesis:

Certain levels of the carbonated Oxfordian have a higher porosity than the rest of
the formation. Their organization appears directly linked to the initial
sedimentation conditions. That explains their overall geometry organized
according to their stratification as shown by the 3D seismic data recorded on site.
Underground water circulation occurs mainly in these levels, also more permeable
(up to 107" m/s)."’

" Dossier 2005 Argile, Synthesis p. 94
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Figure 2-4. Location of the boreholes drilled by Andra and seismic profiles (Source: Dossier
2005 Argile, Synthesis p. 71)

2.1.3 Evaluation of the potential for research with a five-meter 2D resolution and 3D
research.

One concern is resolution of seismic data. Specifically, the digitization rate of the old data
(number of samples per second) might not be as high as new data. However, the digitization rate
may not be the main issue. Rather, the problem could be the distances of the geophones and
seismic lines, which define the resolution of the underground structures. According to Dossier
2005 Argile:

The detailed examination of 350 km [Andra ZT 2009 gives only 174 km] of

seismic profiles in the study sector shows that the tectonic deformations that have
affected the region in the last 150 million years are slight and limited essentially
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to the Gondrecourt and Marne grabens, at the edges of the study sector. Between
these faults, the Callovo-Oxfordian layer is regular and practically flat, which
facilitates the design of the repository architecture.®

This statement is in principle correct.
Dossier 2005 Argile, Synthesis further states:

At the scale of the laboratory site, the 3D Seismic survey (1999-2000) covering
4 square kilometres and the cored bore-holes EST204 and 205 drilled along the
two shafts axis provided greater precision of the geometry of the layers making up
the underground part of the site.

The 3D seismic surveys provided an image of the volume of the laboratory site
with a greater level of detail. It confirmed the fact that Callovo-Oxfordian
argillaceous layer is regular with a thickness over 130m and a consistent geometry
with the history of deposits which succeeded the Callovo-Oxfordian. There have
been no disruptive phenomena in the laboratory zone since the formation of the
Callovo-Oxfordian (great stability). *°

This statement also seems to be correct. At least, the data provided does not show disruptive
phenomena. However, could the lack of observation of disruptive phenomena be due to the
insufficiently close spacing of the geophones and /or seismic lines?

Further according to Dossier 2005 Argile, Synthesis:

These last three bore-holes surveyed the host formation along 1500m and allowed a
comparison of the sedimentological and petrophysical characteristics at laboratory
footprint scale with the data from the site 3D seismic survey. It showed that there
were no fractures and very few microfissures in the Callovo-Oxfordian on the
laboratory site and that these microfissures were plugged. They are, moreover,
located generally at the top and bottom of the layer. They are located one or
several meters apart from each other with a metric extension. In situ measurements
confirmed the very low permeability of the argillites.?

Andra’s conclusion based on borehole data that microfissures are plugged on the laboratory data
is the right approach for determining the status of microfissures. Surface investigations do not
have the necessary resolution to allow a determination whether small microfissures are plugged
or not. Hence, the conclusion that microfissures are plugged cannot be extended to the ZIRA at
present since underground characterization of the ZIRA has not yet been done. It would be
premature for Andra to extend its conclusion about plugging of microfissures to the ZIRA and to
the performance of the repository, especially as there are indications that the ZIRA is not
homogenous as noted above and discussed in Chapter 3. In addition to the borehole data, it
appears to us that the seismic work — the 2D and especially the 3D — is scientifically sound,

'8 Dossier 2005 Argile, Synthesis p. 84. Emphasis in the original.
9 Dossier 2005 Argile, Synthesis p. 70. Emphasis in the original.
% Dossier 2005 Argile, Synthesis p. 73. Emphasis in the original.

25



although the results are hidden in different reports and the conclusions drawn are not always
demonstrated by explicit reference to the data.

2.2 Earthquakes

2.2.1 Analyses of the earthquake hazard and catalogs of historical seismicity for the region
Dossier 2005 Argile provides the following conclusion about seismic activity:

The tectonic activity in the region of the Meuse/Haute-Marne site is very low (low
seismic activity, little crust displacement, perennial orientation of stresses) and the
geological structure is stable, as evidenced by the absence of quaternary indices of
tectonic activity on the faults surrounding the study area. In these conditions, the possible
tectonic movements are limited to very low recurrence of pre-existing faults structuring
the basement.?!

However, the risk of earthquakes near the site cannot be totally excluded on a scale of
several hundred thousand years. To estimate the seismic risk over long periods of time,
the faults near to the site are assumed as active and maximum physically possible
earthquakes (SMPP) values are considered, despite the absence of seismicity and recent
tectonic deformations. The very penalizing hypothesis, with a hypothetical earthquake of
magnitude 6.1+0.4, is postulated as occurring 6 km from the site. Then, to be on the safe
side, we check that the repository structure can withstand such an earthquake.*

The assessment of the seismic hazard for a specific site requires first the evaluation of the known
seismicity and its distribution. Thus, it is necessary to collect all seismic events which occurred
in that area and provide a table of all events as well as a map of the epicenters. The next step is to
derive a seismo-tectonic model of the area under study. Usually, all seismic events within a
radius of 200 km around the site are used. This leads to a deterministic approach.

Here it is most important to use a full catalogue that includes historic events.?®
Accordingly, we read about the conversion of intensities and magnitudes:

The magnitudes are derived from those of the SMHVs by increasing the intensity by 1
degree according to the equation ISMS = ISMHV + 1; this intensity increase of 1 degree
corresponds to an increase in the magnitude of the reference earthquake conventionally
setat 0.5. %

We are not clear on how Andra derived the increase in magnitude of 0.5 corresponding to an
intensity increase of one. Applying the standard empirical formula for an earthquake at 10 km
depth leads to a magnitude increase of 0.7. While this seems to be a small correction, it should
be noted that an increase of 0.2 degrees in magnitude corresponds to a doubling of the energy

2! Dossier 2005 Argile, Synthesis p. 60

22 Dossier 2005 Argile, Synthesis p. 85. Emphasis in the original.

% See, for example, Gutdeutsch, Kaiser, and Jentzsch 2002.

2 Référentiel du Site 2010 Tome 3, p. 53. Translated from the French.
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released.” While the intensity increase is larger for an SMS magnitude calculated in the way
suggested by Andra, the reasoning behind it is not clear.

Different seismotectonic models were developed to test solutions and to solve the problem of
choosing the design intensity for the site. Figure 2-5 below gives one model (MS1) for local
sources.”® In the legend of Figure 2-5 the values of the magnitudes are described as very high in

comparison to the recent seismo-tectonic context in this part of Eastern France, which belongs to

a tectonically stable region with a very low seismicity (which could be even characterized as
aseismic).

2.2.2 Evaluation of the reference earthquake and earthquake hazard at the site

The estimation of the earthquake hazard is a precondition for the derivation of the earthquake
load from the intensity possible (including peak ground acceleration (PGA) or velocity or
deformation) and duration of the maximum vibrations. These values are important for the
construction of buildings and also for the consideration of their effects on moving installations,
e.g., elevators or cranes moving the nuclear waste containers.

Figure 2-5 gives the early development of the seismo-tectonic model (MS1). Here, only the
surface geology is correlated with the maximum physical possible earthquake. Later, seismic
zones were defined with a reference earthquake each. The latest versions were MS3 and MS4.
The MS4 is shown in Figure 2-6 below.

% A decrease of 0.2 equates to a decrease in energy released by a factor of 2.
% Reproduced from Référentiel du Site 2010 Tome 3, Figure 28-2.
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Figure 2-5: Seismo-tectonic zones at the local level with reference earthquake values for
maximum possible earthquakes (Source: Référentiel du Site 2010 Tome 3, Figure 28-2 (p. 71))

Specifically, Figure 2-6 shows the regional seismo-tectonic zones with earthquake magnitudes
based on historical earthquakes. It shows that the site is situated near the southeastern border of
the seismo-tectonic unit Paris Basin in which the biggest magnitudes for SMS and SMPP are
assumed to be M = 5.0 and 6.1, respectively. However, in this regional framework of zones, the
Bure site is situated in the zone VVosges-Lorraine and the equivalent values are M = 4.8 and 6.1,
resp. The neighboring zones show magnitudes up to M = 5.0 and 6.1 (Bourgogne-Morvan)
respectively and M = 6.5 and 7.0, for SMS and SMPP respectively, (Epinal-Remiremont-
Vesoul).
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Figure 2-6. Seismo-tectonic model for determivning reference values for SMS and SMPP by zone
(Source: Reférentiel du Site 2010 Tome 3, part of Figure 28-7 (p. 78))

In the framework of local faults, Andra shows the following SMS and SMPP values:*’

Marne fault: SMS 4.0 (depth 10 km); SMPP 6.1 (depth 10 km)

Joinville fault: SMS 4.0 (depth 2 km); SMPP 5.2 (depth 2 km)

Gondrecourt Fault: SMS 4.0 (depth 2 km; SMPP 5.2 (depth 2 km)

Poisson fault: SMS 4.0 (depth 10 km); SMPP 6.1 (depth 10 km)

Vittel system of faults: SMS 4.8 (11 km depth); SMPP 6.1 (10 km depth)
Metz-Mayence-Hunsrick system of faults: SMS 5.8 (15 km depth), SMPP, 6.1 (15 km
depth)

According to international practice, the earthquakes in the neighboring zones should be moved
hypothetically to the border next to the site; if their effect on the site is bigger than the reference
earthquake in the zone of the site it should be used as a reference for the Bure site. This may
lead to bigger ground shaking at Bure being used for design purposes.

It would have been useful at this stage if Andra had compared the load and acceleration at the
Bure site from the zonal analysis shown in Figure 2-6 above and also SMS values shown above.

The seismic zonation is the first step to evaluate the seismic hazard. The next is to determine the
so-called site conditions. The local underground geomechanical properties determine the
amplitude of the ground shaking (or resonance to the incoming seismic waves). Thus, they
determine the response in the frequency range between 1 and 10 Hz. The response between 1

27 Référentiel du Site 2010 Tome 3, Figure 28-6 (p. 77)
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and 10 Hz depends on the soil class. Usually, typical soil-classes are used, e.g., for soft soil,
medium soil, or hard rock.

The site response is also dependant on the frequency characteristics of incoming seismic waves:
Local earthquakes contain higher frequencies than distant earthquakes. This is discussed in
Figure 2-7 below.?® This figure shows how the response spectrum at the Bure site was
determined (here only the important result is included). SL is the spectrum of local earthquakes,
and SR the one of regional ones. If one uses m/s’ as the units for acceleration, one would find the
curves in the area between 1 and 10, in which 10 m/sec? is approximately equal to the gravitation
acceleration at the surface of the earth (1 g). In such a figure, the bulge would show the response
of the site, and the constant acceleration above 10 Hz would show the magnitude of the seismic
load. The safety rule requires Andra to consider frequencies in the range of 0.1 Hz to 34 Hz.°
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Figure 2-7. Response spectra for two kinds of earthquakes: SL — local, SR — regional. (Source:
Référentiel du Site 2010 Tome 3, Figure 27-2 (p. 55))

We are unsure if a reference has been made to the site response; if not, we recommend that
Andra do so. The maximum in the spectrum of pseudo-velocity between 1 and 10 Hz greatly
depends on the geomechanical properties of the underground. The amplitude is bigger for soft
underground rocks, like sedimentary rocks, and smaller for hard rock; the frequencies where the
changes in pseudo-velocities occur may shift as well.

Further, the high-frequency (short period) value should be a constant indicating the seismic load
without local amplification. The spectra given are velocity spectra which show neither the
acceleration nor the seismic load. Hence the load is not clear from this graph. Later, Andra

28 Référentiel du Site 2010 Tome 3, Figure 27-2 (p. 55)
 gafety rule as cited by Andra in Référentiel du Site 2010 Tome 3, p. 68.
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recognizes that the velocity spectra do not show the local properties as clearly at the site, so
Andra then uses acceleration, which is in accordance with the scientific standard:

« Selecting the spectral acceleration values: maximum acceleration (PGA) and accelerations
for the characteristic periods of the spectra: ~ 0s, 0.2s, 0.5s and 2s *°.

» Locating areas where, on the surface, the movements are likely to be amplified because of
the nature of the soils (lithology) and topography (slopes);
« Quantifying the local amplifications where such areas are identified. ¥

The footnote 35, in the quote above, says:

These items correspond to: the maximum acceleration (0s), the acceleration on the
acceleration plateau of the spectra (0.2s), the acceleration of the descending
branch of the spectrum (0.5s) and the part of the spectrum corresponding to
movements of high frequencies (2s). *

Here, the term high frequency is misleading: a period of 0.5 s corresponds to a higher frequency
(2 Hz) compared to a period of 2 s, which corresponds to 0.5 Hz. Thus, the highest frequencies
are equivalent to very short periods (the shortest is mentioned to be =0 s, which is impossible to
interpret in terms of frequency other than as an infinite frequency; we note that an acceleration at
“infinite” frequency is required by the safety rule®?). For practical purposes, the upper limit of
frequency appears to be 34 Hz, which is required by rule; we presume that this is considered the
functional equivalent of infinite frequency or zero period.

The discussion of the percentiles is as follows:

The spectrum calculations of ground motions are described according to statistical
quantities: median motions and 15% and 85% percentiles, to quantify the
uncertainties. The computer codes used are Crisis® and Geosis®.*

The calculation is standard. It is important to mention that the 85™ percentile value which means
that about one standard deviation is the important one here. This value is used to be on the safe
side since it ensures that nearly 85 percent of all earthquakes will be below the selected value.

Figure 2-8, shows a comparison of the expected surface acceleration to the one in the
underground. The above ground acceleration is a factor of 1.5 greater than the underground
acceleration. Here again, each of the two curves shows pseudo-velocity as a function of
frequency. Given that the acceleration is the critical parameter in determining load, Andra
should clearly describe how the values of 0.12 g and 0.19 g were derived.

% Référentiel du Site 2010 Tome 3, p. 60. Translated from the French.

3! Référentiel du Site 2010 Tome 3, p. 60, note 35. Translated from the French.

% As quoted in Référentiel du Site 2010 Tome 3, p. 94. Also see Référentiel du Site 2010 Tome 3, p. 68.
% Référentiel du Site 2010 Tome 3, p. 57. Translated from the French.
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Figure 2-8. Comparison of surface versus underground vibrations for the velocity spectrum and
the relation to acceleration (Source: Référentiel du Site 2010 Tome 3, part of Figure 27-5 (p 61))

In addition to the deterministic approach of seismic hazard assessment, Andra indicates that the
probabilistic approach was also applied. Here, the so-called return-period is an important
parameter that gives an estimate of the time between earthquakes of a specific strength (usually
the strongest possible earthquake is used).

Here, different return periods are investigated: 1,000, 5,000, 10,000, 100,000 and 1 million years

The annual probabilities of exceeding various levels of maximum ground acceleration are
tested up to 10°°, by performing calculations for return periods of: 1,000 years, 5,000
years, 10,000 years, 100,000, and 1,000,000 years. **

2.2.3 Evaluation of the seismic events

The reaction of the local site is derived from the attenuation law applied, which shows how much
the seismic wave is damped along the way to the site. Thus, the damping is a function of the
depth of the source and the structure / layering of the Earth’s crust.

In Tables 2-1 and 2-2, reproduced from the Référentiel du Site,* the reference earthquakes for
the Bure site are listed for the different seismic units and faults. But again, the offered results are
not sufficiently explained: For instance, it is important to know why the uncertainties are so
different (0.2 to 0.4). Here, it would be most important to see the specific data base, i.e., the
specific list of earthquakes, that was used to determine the magnitude, depth, and location to be
used in design.

Here we can read an estimation of the return period (page 85)

% Référentiel du Site 2010 Tome 3, p. 57. Translated from the French.
% Référentiel du Site 2010 Tome 3, Tableaux 28-5 (p.84) and. 28-6 (p. 85)

32



The sliding velocities would a priori be smaller for the active faults in the VVosges, which
lack any indication of detectable deformation at the surface; at these velocities,
earthquakes of 7.0 =+ 0.4 magnitude could be generated, with a return period ranging
between 10,000 years and 250,000 years;*

2.2.4 Determination of the maximum ground shaking possible at the Bure site

Table 2-1 gives the maximum earthquake magnitudes for the region as well as local sources;
again, the meaning of the magnitude is not mentioned — it could be the local magnitude ML.

Table 2-1. SMPP Values used for the MS4 model used in 2008

Modéle Source Magnitude Profondeur
MSMS {km)
IRSN 14 6,1 £0,4 10£5
Bourgogne - Morvan

Régional IRSM 15
Zone des failles est Vosges Epinal - 70+x04 20+5

Vesoul
IRSM 18 6,1 £0.4 125

Champaane Bassin de Paris
Local IRSN 19 6,1 0.4 12+5
Vosges - lorraine

(Source: Reférentiel du Site 2010 Tome 3, Tableau 28-4 (p. 83))

This points to the assumption of a local earthquake with magnitude 6.1 + 0.4 at a depth of about
12 km. Under normal conditions such an earthquake would cause ground shaking of the
intensity 1 > VIII at the epicenter using the simple rule-of-thumb formula, which applies at 10
kilometers depth:

l,=15M, ~1.0 (x0.6) or M_=0671,+0.67,,,

Where M, is the local (Richter) magnitude of an earthquake in a depth of 10 km, and
I, is the intensity at the epicenter.

More sophisticated discussions of this relation were already introduced by Gutenberg & Richter
(1956) who developed empirical formulas, as well as by Ambraseys (1985) and Gutdeutsch et al.
(2002), who discussed several details of the relationship between different magnitudes and
intensity.

We note that Tome 3 also gives an SMPP magnitude of 5.2 +/- 0.2.3" In the case of the smaller
magnitude a focal depth of only 2 km is assumed which would cause a very strong vibration at
the surface, especially because the distance is only 6 km. All this is not well discussed for its
implications for design of the underground facilities and post-closure period evaluation.

% Référentiel du Site 2010 Tome 3, p. 85. Translated from the French.
%7 Référentiel du Site 2010 Tome 3, Tableau 29-3 (p. 82)
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2.2.5 Site response to earthquakes

To design site facilities, it is important to estimate the effect of the maximum earthquake which
is physically possible, at the surface as well as at the underground level of the laboratory. For
the operational period, Andra has derived an acceleration of 0.23g at 9 Hz frequency for the
underground laboratory and most of the transposition zone.*® This is presumably to be used in
the design of the surface facilities.

The acceleration, velocity and displacement for SMPP earthquakes to be used for post closure
design are much larger, as would be expected. The spectrum of the reference earthquake at the
surface is given in Table 2-2, reproduced below, as well as for the acceleration as for velocity
and displacement. As can be seen, the calculated effect between the frequencies 5 and 9 Hz is
quite large: an acceleration of more than 1.25 g.

Table 2-2. Characteristics of SMPP reference spectrum on the surface, calculated for the site of
the underground laboratory

SPECTRE DE REFERENCE EN SURFACE POUR LE NIVEAU SMPP
Valeurs d’accélération, vitesse et déplacement. Composante horizontale. Amortissement 5%.
Fréquence Accelération (g) Vitesse (cm/s?) Déplacement (cm/s)
(Hz) Per. 15% | Médiane |Per. 85% | Per. 15% | Médiane |Per. 85% | Per. 15%| Médiane | Per. 85%
0.1 0,0007 0,002 00,0042 1,17 2,7 6.7 1,857 424 10,611
0.3 0,007 0,015 0,038 3,5 8,0 20,0 1,857 4,24 10,610
1 0,057 0,11 0,251 9.0 17,0 40,0 1,432 2,71 6,366
5 0,283 0,535 1,257 9,0 17,0 40,0 0,286 0,54 1,273
9 0,283 0,535 1,257 5,0 9,44 22,2 0,088 0,17 0,393
34 0,139 0,22 0,427 0,65 1,0 2,0 0,003 0,005 | 0,009

(Source: Référentiel du Site 2010 Tome 3, Tableau 29-4 (p. 103))

The spectrum for the site of the underground laboratory (see Table 2-3) shows similar properties;
the maximum acceleration is reduced to a little more than 0.8 g, which is reasonable.

We note that there are mistakes that should not occur in an official technical report. First, in
both tables® the velocity is cited with the dimension cm/s? (instead of cm/s) and the displacement
with cm/s (instead of simply cm). Second, long periods correspond to low frequencies (and not to
high frequencies), and vice versa. This error can be seen in the quote below:*

T = 0s (acceleration at very low spectra frequencies),

T = 0,2s (acceleration at peak R maximum — of the spectra),
T = 0,5s (acceleration on the descending part of the spectra),
T = 2s (acceleration at the highest frequencies of the spectra).

Table 2-3. Spectral features at depth in the host layer; postclosure period of storage, for the site
of the underground laboratory.

% Référentiel du Site 2010 Tome 3, Tableau 29-1 and associated text pp. 94-95
% Référentiel du Site 2010 Tome 3, Tableaux 29-4 (p. 103) et 29-5 (p. 105)
%0 See, for example, Référentiel du Site 2010 Tome 3, p. 103. Translated from the French.
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SPECTRE DE REFERENCE NIVEAU SMPP EN PROFONDEUR (dans le COX)
Valeurs d'accélération, vitesse et déplacement. Composante horizontale. Amortissement 5%.
Fréquence Accélération (qg) Vitesse (cm/52) Déplacement (cm/s)

(Hz) Per. 15% Médiane Per. 85% | Per. 15% | Meédiane Per. 85% | Per. 15% | Médiane | Per. 85%

0,1 0,0005 0,0011 0,0028 0778 1,78 4445 1.238 2,83 7,074

0,3 0,004 0,010 0,025 2,333 3,33 13,333 1,238 2,83 7,074

1 0,038 0,071 0,168 65,000 11,33 26,667 0,955 1,80 4.244

0,188 0,355 0,838 6,000 11,33 26,667 0,191 0,36 0,849

0,188 0,355 0,838 3,333 6,30 14,815 0,059 0,11 0,262

34 0, 093 0,14 0,285 0,433 0,67 1,333 0,002 0,003 0,006

(Source: Reférentiel du Site 2010 Tome 3, Tableau 29-5 (p. 105))
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Chapter 3: Characteristics and properties of the host and surrounding formations in the
Transposition Zone affecting the contaminant transport in geologic media and long-term
repository performance

Strengths

1. Experimental and in situ research: Extensive research was conducted by Andra in
laboratory conditions and in situ to characterize the geologic media within the Transposition
Zone. A number of experiments conducted to obtain the transport properties of argillites required
state of the art techniques to overcome the difficulties related to the low permeability, high
sorption capacity, anionic exclusion, and other argillite specific factors.

2. Use of complementary data: The experience and the data acquired at similar clay sites were
used to complement and corroborate the experimental data obtained for the Callovo-Oxfordian
argillites. This effort resulted in an outstanding collection of the site-specific data documented in
Dossier 2005 Argile, Référentiel du Site 2010, and numerous reports and journal articles.

Findings

1. Use of data in the conceptual model: Most of the issues and concerns are related to the way
the existing data were used to justify the conceptual model of the site, to model the transport
processes in the Callovo-Oxfordian formation, and to perform the safety analysis. The
applicability of the models and approaches used by Andra and their transferability to the ZIRA
can be only demonstrated by including the actual variability of the argillite properties in the
process models and by performing a probabilistic safety analysis using the observed distribution
of the transport parameters. Andra has not performed such an analysis.

2. Heterogeneity in the Callovo-Oxfordian formation: The existing data show great horizontal
and vertical variability in the mineralogical composition and pore water composition of the
Callovo-Oxfordian formation in the Transposition Zone. This variability results in noticeable
differences in the transport properties, such as total porosity, kinematic porosity, anion accessible
porosity, effective diffusion coefficients of cations and anions, and permeability of the argillites
at the different locations and depths. The permeability and diffusion also exhibit anisotropy. The
transport properties may also be affected by the micro-fractures discovered in the upper sequence
of the Callovo-Oxfordian formation. Despite the heterogeneity, Andra relies on the homogeneity
and isotropy of the Callovo-Oxfordian formation in their evaluations of the long-term repository
performance.

3. Heterogeneity within the ZIRA: Two noticeably different areas were identified in the north-
east and south-west of the Transposition Zone with the ZIRA located in between these two areas.
This indicates heterogeneity within the ZIRA.

4. Inadequate evaluation of parameter variability: Andra uses average transport properties in
the normal evolution scenario and minimum or maximum values in the sensitivity analyses. The
average parameters may not represent the effective properties of the heterogeneous and
anisotropic argillites. In the sensitivity studies only one parameter was changed while the other
parameters were fixed at their average values. The situation in which multiple parameters would
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be set to their minimum or maximum (or 95" percentile) values was not considered. As a result
the potential impacts of the parameter variability were not evaluated.

5. Average transport parameters: The average transport parameters used by Andra were
derived for the overall Transposition Zone. The average (and effective) transport parameters may
be different if only the ZIRA is considered. In particular, the diffusion coefficients and the
vertical hydraulic conductivity might be higher and this may lead to the higher average rates of
the diffusional and advective transport. Further, the effect of the heterogeneity in the ZIRA on
transport remains to be determined.

6. Diffusive and Advective transport: The existing data (particularly, the natural tracer data)
provide evidence of advective transport through the Callovo-Oxfordian argillites. Andra assumes
that diffusive transport will dominate flow even though the data and an analysis of Peclet
numbers indicates that both diffusive and advective transport may occur with significant
probability. This presents a great concern because the advective transport in Andra estimates of
the argillite retention properties is either not considered (normal evolution scenario) or greatly
underestimated (sensitivity studies).

7. Inadequate evaluation of uncertainties: A simplified probabilistic safety analysis performed
with the parameter ranges consistent with the ones defined by Andra indicates that these
uncertainties in the input parameters result in the uncertainty in the total maximum dose of 5
orders of magnitude. The potential range in the total maximum dose defined by Andra as one
order of magnitude (or 2 times when the proposed repository is located at the URL site) might be
underestimated.

Recommendations

1. Andra should reevaluate its assumption of predominantly diffusive flow by taking better
account of tracer data and by estimating a range of Peclet number values (instead of a single
value) based on the variation in parameters.

2. It is essential for Andra to determine the nature of the heterogeneity in the ZIRA indicated by
data from boreholes that are on the perimeter of the ZIRA.

3. Andra has stated that it will review the scenarios is Dossier 2005 Argile as well as the
parameters used in performance assessment. Andra should perform a probabilistic risk
assessment using the full range of parameter values indicated by the data, rather than just a limit
sensitivity analysis. It would be highly desirable to have a source term that accurately represents
in total quantity and type total wastes that would actually be disposed of if the repository is
licensed. Failing that, a penalizing assumption should be made, for the source term, including
appropriate assumptions about poten