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ABSTRACT

A regulatory guidance has been recently set up in
France for the safety assessment of radwaste deep
geological disposal: the present paper concerns the
requirements related to bedrock stability issues and
their technical background. This regulation relies in
particular on a long term effort of the Protection and
Nuclear Safety Institute (IPSN) of the French
Atomic Energy Commission (CEA), which ensures
two main duties: it carries out research programs in
the area of protection and nuclear safety and
provides expertise to the safety authorities. It should
be noted that ANDRA (the French National
Radioactive Waste Management Agency) is
responsible for the safety of radioactive waste
management and relies, for safety demonstration
purposes, on its research programs. IPSN. in support
of the safety authorities, is in charge of the
verification of the applicant's safety demonstration
and develops its own research programs in order to
achieve an independent capability in safety analysis
expertise. We present here the major axes of the
Institute research program devoted to the assessment
of .seismic events consequences on the groundwater
system.

1. INTRODUCTION

The safety of the disposal in a deep geological
formation of radioactive waste (HLW, ILW & TRU
waste) relies on the confinement obtained through a
multi-barrier concept. The isolation provided by the
geological barrier is specific to such a disposal,
groundwater being the main pathway of the
radionuclides into the biosphere. The performance
assessment of the disposal must take into account all
[he situations that may jeopardize the required

behavior of the three barriers: the waste packages,
the engineered barriers and the geologic medium.
The failure of the two first barriers can be man-
induced situations; human intrusion scenarios can
short-circuit the entire system and lead to direct
exposure of man. The failure of the geological
barrier, or modifications in its isolation properties,
will affect the overall safety of the disposal: climatic
changes and the earth's crust instabilities could be at
the origin of such situations. We will just deal in
this paper with some aspects of seismic events that
may endanger the safety of the disposal: mainly the
research addressing the possible consequences of
earthquakes on the groundwater system.

IT. REfilll.ATORY OUTDANCE

French safety authorities, their technical
supports, IPSN (Protection and Nuclear Safety
Institute, CEA) and the permanent standing group of
experts, have undertaken since 1985 a reflexion on
the safety issues related to the geologic barrier and
its performance versus time. From 1985 to 1987, a
group of experts chaired by Professor J. Goguel
worked on technical criteria for the selection of a
site for the disposal of radioactive waste in
geological formations.1 From 1989 to 1990, a
working group including SCSIN (Central Service
for the Safety of Nuclear Installations, Ministry of
Industry), IPSN, ANDRA and Professor G. de
Marsily from Paris Ecole des Mines, worked on the
selection of scenarios for the safety demonstration of
deep disposal.2 Finally, in 1990. a Basic Safety Rule
relative to the objectives to ensure safety after
closure of a repository of HLW, ILW and long-lived
waste, has been prepared, examined by the standing
group of experts and issued on June 10, 1991.3



Ler us review each of these steps.

A. Report of the group of experts chaired fry
Professor GOGUEL. 1985-1987

The group of experts chaired by the late
Professor Goguel considered as essential criteria for
the selection of a site, appropriate hydrogeological
properties (very low permeability in the host rock
and low regional hydraulic head gradient) and the
insurance of a certain geologic stability (at least
during the first 10.000 years) in the case of such
events as a glaciation, vertical movements and
earthquakes: the selected site shall be stable enough
tor the modifications of the initial conditions due to
these phenomena to remain acceptable with respect
to the safety of tJie repository. As regards seismicity,
the "Goguel" report specifies that over the time span
considered, even in the most stable parts of France,
the occurrence of an earthquake generating damage
cannot be excluded. The report, relying on a
presentation by B. Mohammadioun4. states that.
from the available data, there is a clear attenuation
of the seismic motion with depth. This observation
leads to the conclusion thai an earthquake occurring
close to a repository sited out of the epicentral zone
and at a minimal depth of 200 m should not induce
any major damage to its underground structures.

The main issue is the impact of such an event on
the permeability of the rock massif. From what is
known of natural seismicity and its long term effects
on the hydrogeological regime of the medium, the
report concludes that:

1 ) Significant breaches in the site integrity will
result only from the recurrent activity of major faults
transecting the repository. To minimize or eliminate
this risk, the site survey shall pay special attention
to the detection of major faults in the basement rock
and to the assessment of their neotectonic mobility:
the repository shall be then sited at sufficient
distance from the "active" faults.

2) Although macroseismic intensities are related
to damage observed at the surface and information
about the behavior of underground structures during
an earthquake is lacking, the rare examples known
ut permanent modifications in the permeability of
the basement observed at shallow depth (< 300 m)
ore associated with earthquakes having a
macroseismic intensity of at least VII] (MSK scale).
For the largest seismic events foreseeable in the

most stable pans of France, i.e. with a historical
macroseismic intensity no larger than VHI MSK.
observations of similar effects on permeability are
unknown up to now.

The report states finally that the characteristics of
the seismic hazard shall be assessed in the vicinity
of the site.

B. Selection of scenarios. 1989-1990

As concerns the selection of scenarios for the
purpose of demonstrating the safety of deep
geological disposal, the expert group of the Ministry
of Industry highlighted the main technical issues on
which R & D should focus:

1) Detailed regional seismotectonic analysis.

2) Definition of a maximum physically possible
earthquake; uncertainties about maximum regional
magnitudes should be clarified. This determination
can rely on bibliographic studies concerning major
earthquakes throughout the world having occurred
in similar geodynamic and seismotectonic contexts
(intraplate continental deformation expressed
through accidents comparable to those known
around the preselected sites).

3) Assessment of the effects of seismic motion at
depth on the repository structures and on the
hydrogeologic behavior of the massif. A
bibliographic study based on the observations of
effects at depth for different levels of earthquakes
(on tunnels and underground structures in the United
States. Japan, Italy. •) should permit a better
knowledge on attenuation laws of the motion as a
function of depth and according to the nature of the
rock formations. A qualitative assessment could
therefore be given on perturbations of the
hydrogeological system on the sites reasonably
foreseeable for the maximum physically possible
earthquakes.

C. Basic Safety Rule iR.F.S. lll.Z.f). June 10. 1991

The Basic Safety Rule III. 2. i has considered
seismic activity as one of the events allowed for in
the hypothetical situations corresponding to random
events: "As regards seismic activity, allowance will
be made for a level of seismic activity liable to be
encountered during the periods studied. There are
uncertainties concerning the seismic levels having



occurred long before the historical period. The
existence of a physical limit for the seismic levels in
a given region could constitute a boundary in view
of the seismotectonic context."

In Appendix 2 to the rule, dealing with the
selection of the situations to be taken into account
lor safety analysis, paragraph 2.3 expresses this
issue as follows:

"The characteristics of the maximum earthquake
physically possible shall be investigated on the basis
of the tectonic context of the sites. It will be
necessary to assess the degree of disturbance
foreseeable at the level of the site hydrogeological
system. In particular, changes in the permeability of
a fractured medium subject to seismic stimulation
shall be assessed for crystalline sites."

III. LARfiK SCAKE BEDROCK
ASSESSMENT IN FRANCK

ST A BII .ITV

At the beginning of the selection process in
France, studies have been made by the French
Geological Survey Bureau (BRGM) on the
characterization of the unstable parts of the French
continental basement.1-5 The following parameters
have been taken into account: the thickness
variations of the continental crust and the thermic
phenomena: the present and historical seismicity,
the main neotectonic evidence: the deep fissure
permeability evidences. These studies draw some
conclusions for the siting of a deep geological
disposal. A crude zonation of the level of the
geologic unstability of the territory appears from the
juxtaposition of the spatial distribution of the
different parameters considered: there is a
coincidence between the indices of high vertical
mobility with a widespread regional extension, the
/ones of a variation in thickness of the crust (thining
or thickening) and the zones of high thermal fluxes.
This geodynamic activity, expressed on a regional
scale, is well characterized in the structures of the
lithosphère and is driven by a force at a longer time
scale than the one governing the repository
radionudides' release to the biosphere.

It is therefore possible to define quite precisely
some particularly active or unstable zones in France:
the associated intensity, however, is rather moderate
compared with other parts of the world. These
regions are the eastern pan of !he country (Vosges.
Alsace. Bourgogne), the Jura, the Alps, the

Pyrenees, the Rhone valley (pro pane), the eastern
pan of Massif Central. Languedoc and Provence.
They were excluded from the inventory of the
possible radwaste disposal sites. They present,
furthermore, a high degree of topographic relief due
to this recent instability. The risk of a large load
factor for the aquifers is another good reason to
avoid these places.

In the other parts of France, extensive zones can
be found with little recent or present evidence of
instability. However, locally, moderate vertical
mobility appears which can be associated with low
seismic activity. A site could be located in zones
with large regional homogeneous vertical
movements provided that the uplift rate will not
expose it to substantial erosion, and that there are no
pronounced differential mobility evidence on active
faults or deep hydro-mineral circulations.

In conclusion, it appears that any selected site
presenting an adequately impervious host formation
and an appropriate hydrogeological context will
have to be characterized in depth for the present and
recent (Quaternary) geologic stability conditions.
This assessment is. of course, dependent on the
lithologie nature of the host formation: it is assumed
that rocks with a brittle mechanical behavior should
be much more sensitive to permeability
modifications in their fracture network than rocks
with a ductile behavior, such as clays or rock salt.

IV. IPSN RESEARCH PROGRAM
BEDROCK STABII.ITV ISSUES

ON

The two main issues, as we have seen, are the
stability of the underground structures (with the risk
to be evaluated of the propagation of a fault through
the repository) and the effects of an earthquake on
groundwater circulation between the repository and
the discharge zones. The studies imply a logical
approach beginning with the seismotectonic zoning
and including the earthquake(s) to be taken into
account, the motions at depth, the finite
deformations and the consequences on water
circulation.

A. Seismoieaonic analysis

A number of years ago. IPSN/BERSSIN (Bureau
for Assessment of Seismic Hazard for the Safety of
Nuclear Installations) undertook to update the
assessment of the seismic hazard on sites with



specific nsks. particularly nuclear installations,
including nuclear waste repositories. Geological and
geophysical data, at a scale of 1/1.000.000. were
collected on the structure of the crust:

- gravity and magnetic anomalies6

- tectonic features, i.e. faults, folds, isopleths.
limits characterizing different depths and eras
i Mono discontinuity isobaths, basement isobaths,
state «if deformation of meso-cenozoic cover,
structures inherited from the hercynian orogeny
ex 300 Ma. saliferous Trias isopachs ca. 230 Ma.
Oligocène tectonics ca. 30 Ma.7

- recent and present tectonics: recent deposits,
faults and folds, in-situ stresses, focal mechanisms,
recent surface faulting evidence and also geodetic
levelling, thermal anomalies or springs...

These geological data have been structured in the
form of a data base (Fig. 1 ).

Seismicity data were collected on the basis of
historical records, going back to around 1000 A.D.
and instrumental seismicity since 1962.8 France's
seismicity is rather low compared to the more highly
seismic areas of Europe. Figures 2 & 3 depict the
distribution of historical seismicity in France, with a
threshold of macroseismic intensity VI MSK and of
magnitude 3.5.

The seismotectonic analysis takes into account
all the above-mentioned data in order to define
seismotectonic areas and. if possible, seismically

active faults with a zoning at a 1/1.000.000 scale,
for France and its surroundings, and more detailed
studies in the vicinity of the sites. The chart
presented on Figure 4 shows the methodology
followed for this operation in moderate seismicity
areas. The state of the art for the seismotectonic
zoning studies prepared by IPSN has been presented
at the Stanford conference on August 25-29. 1991.9

Deep geophysical profiles (ECORS project) aie
of great help in understanding the characteristics of
the different domains identified. For example, the
plate 3 in 10 presents a cross-section down to a depth
of 30 to 40 km, through the western part of France
(Massif Armoricain) and the north of the Paris
Basin. It shows numerous vertical faults in the
Massif Armoricain cutting through the whole
thickness of the crust, down to the Moho
discontinuity; below the Paris Basin, there is a
slightly southerly dipping reflection (main flat
décollement surface emerging to the north at the
"Faille du Midi"), cut only by one important vertical
fault: the Bray fault.

B. Definition of the earthquake to be taken into
account

For the definition of the earthquake(s) to be taken
into account on a site and of its recurrence period, a
detailed local analysis is performed, especially with
regard to the dynamics of the faults: studies of the
direction and depth variations of the stresses are
undertaken, as well as of the rates of deformation
(e.g.").

GEOLOGICAL DATA BASE

FAULTS
-3000 objects

topic name
record number
number of points
object name
location
type
importance
length
direction

ISOPLETHS
-500 objects

topic name
record number
number of points
object name
location
type
value

LIMITS
-450 objects

topic name
record number
number of points
object name
location
type

FOLDS AXES
-800 objects

topic name
record number
number of points
object name
location
direction

STRESSES
-150 objects

topic name
record number
number of points
object name
location
type
value
direction

Figure l: 1GEOL" DATA BASE - Number of objects and main parameters. Each object from synthesis maps is in
une ot the five main tables of a data base named "GEOL". This data base is coupled with a graphics code for the
elaboration of maps.
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Figure 2: EPICENTERS OF THE HISTORICAL EARTHQUAKES over about a 1.000 year period (SIRENE Data
Base). Intensity of at least VI MSK. The size of the symbol takes into account the intensity value.

Figure 3: EPICENTERS OF INSTRUMENTAL EARTHQUAKES from 1962 Io 1990. Magnitude ol at least 3.5.
TIiC size (it the symbol reflects the magnitude value (from CEA/LDG data).



SETSMOTECTONIC DATA

CRUSTAL STRUCTURE

- State of deformation of the crust

•MOHO

•TOP OF THE BASEMENT

• SEDIMENTARY COVER

- Main orogenies (dHfrrmu mm

• HERCYN1AN (300 Ma)

• TRIASSIC (Salt Deposits. 230 Mal

• OLIGOCENE

Geophysical data

• MAGNETIC

• GRAVIMETRIC

I

DYNAMICS

- Recent tectonics («m M M»I

Main fatilK

•GEOMETRY

• DISPLACEMENT

•AGE

Evidences of deformation

• RUPTURE EVIDENCE (post 1.8 Ma)

• GEOMORPHOLOGY

- Stress field

• IN SITU STRESSES

• FOCAL MECHANISMS

• Seismicitv

• HISTORICAL

• INSTRUMENTAL

TECTONIC ZOlSfING I
PRESENT TYPES OF

DEFORMATION

SEISMOTECTONIC ZONING

Figure 4: DATA AND METHODOLOGY USED FOR SEISMOTECTONIC ZONING.

The definition of the maximum physically
possible earthquake for each site, as suggested in the
basic safety rule, necessitates different approaches,
used as a complement to detailed local analyses:
study of large earthquakes all around the world in
regions where seismotectonic environment is nearly
the same as the French one. study of old earthquakes
in France with paleoseismicity evidence, study of
earthquake time distribution, study of the correlation
between different characteristic parameters of the

earthquakes and also rock mechanics related to the
site.

The bibliographic study of large earthquakes is
based on a selection of the best-documented
intraplate events, with M > 6.5. the tectonic and
seismic characterization of these earthquakes and
their geodynamic environment, the comparison with
the French environments. It has already been found
that some large earthquakes occur far from the plate



limits: these events are often situated in well-known
fragility areas, particularly in old extensional zones.
The recurrence period of these earthquakes is very
long, and their magnitude is apparently not
connected with "he plate's split rates; some of these
events are located in environments quite closely
resembling French geodynamic environments, but
we must be cautious about possible scale effects.

C. Seismic motion

For the appraisal of the consequences of seismic
motion on the repository and on groundwater
circulation, we need to determine the principal
characteristics of seismic motion at depth, in relation
with different types of geological structures. Strong-
motion seismology has been developped on the
basis of motions obtained at the surface. Vertical
arrays have appeared very recendy. Therefore, very
few studies have addressed the characterization of
the seismic wave field at depth. The safety
assessment of deep repositories must rely on a good
understanding of the propagation characteristics in
order to verify the validity of the computer codes
used in seismology for earthquake engineering;
recorded data at depth for the three components of
the seismic motion up to depths of 1.000 m are
required for the purpose.

IPSN. joindy with US NRC (Office of Nuclear
Regulator)' Research), manages an experimental
array in California (Gamer Valley) with
accelerograms at four levels from the surface (6. 15.
22. 220 mi in soil and in both weathered and
unaltered granite close to the San Jacinto fault.i:

This program, launched in view of nuclear power
facility safety issues (amplification or attenuation of
wave motion by alluvial or weathered formations),
could, in the near future, be extended, with the
cooperation of the Nuclear Regulatory Commission,
to deep disposal safety issues with the drilling of a
borehole around MX) m deep. In line with the
preceding, we can mention an agreement recently
reached between IPSN and " the SHIMlZLJ
Corporation (Japan) to collect and interpret data
from deep boreholes in that country at depths of
KX). 330.950 and 2.750 m.

Numerical simulations of the wave field are
undertaken lrom input data characterizing the
sources, i.e. geometry, length, depth of the faults,
maximum motion, distance, and taking into account
ihe elastic properties of the medium.

D. Deformation induced by an earthquake

The deformation induced by an earthquake is
assessed by 3-D calculations of displacement
stresses with variable parameters and the
localization of congressional and extensional areas.
The DISLOC code used gives the displacement, the
stress tensor and the deformation tensor the
medium is assumed to be elastic, homogeneous and
isotropic.1314 More intricate fault geometry can be
taken into account by superimposition (Fig. 5).

E. Consequences of an earthquake on groundwater
circulation

There is evidence that earthquakes can cause
changes in groundwater distribution and fluid flow
in the medium, even far from their source. Short-
term (due to the transmission of elastic waves to the
domain) and long-term (related to changes in fault
or joint aperture caused by shear displacement)
effects are expected. These must be assessed using
both observations and simulation tools. We need
water-level records, fluid pressure measurements in
deep wells, underground observations, particularly
water-flow modifications, fissure openings and rock
bursts. These data must be analyzed in terms of
classification of effects with the earthquake
magnitude and distance and of short- or long-term
variations (static and dynamic). The focal
mechanisms are also to be taken into account. A
good example of this experimental stage is the NRC
research program in the Lucky Friday Mine (Idaho),
where the mechanical effects of a man-induced
seismic activity and its impact on the local
hydrogeology are monitored. Figure 6 depicts some
long-term modifications (up or down) in
groundwater flow associated with an earthquake
which happened in Belgium in 1938."

The theoretical simulation of the changes in
groundwater conditions calls for coupled hydro-
mechanical codes for the study of variations in the
hydraulic conductivity of the fractures. Three levels
are considered: the fault, the volume with permanent
deformation, the volume with significant elastic
deformation. The UDEC numerical model,
developped by the University of Minneapolis, has
been acquired for this hydromechanical modeling:
the medium is assimilated to an aggregate of blocks,
with each block being elastically deformable.
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Figure 5: DlSLOC CODE. - Deformation calculated by Disloc code. Example of a reverse fault (dip: 45C).
BIaLk: exiensionai areas; white: compressionnal areas. Above: each square is 1 km to a side. Below is a detail:
each square is 20(1 m to a side.

Figure <r MODIFICATIONS OF UNDERGROUND WATER AFTER AN EARTHQUAKE. Isoseismals of the
! 1 June ll|*S L-onJiquake in Belgium. V. VI. VI-VII: inicnsiiy value. +: instrumentai epicenter. ( + ): locality with
ui nhser\atiiin ot increased water Ilov i / ,ocauty with ;in ohsenation ot decreased waicrtlow. Alter Somville
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Different behavior laws are possible for the

fractures, and these latter may be filled with fluid. A
motion is introduced at the base of the model, and
the residual displacements are calculated along the
joints. Figure 7 shows a test performed using
UDEC."17-'8

To improve the reliability of the modeling, it
appears necessary to have a good knowledge of the
following aspects: the in-situ stress field, the
earthquakes to be taken into account, the behavior

laws of the fractures, the on-site fracture pattern and.
if necessary, the thermic effects of the waste. The
bel ...ior laws of the fractures can be tested through
laboratory devices, particularly with so-called
"shaking tables". Such experiments on rock samples
will be undertaken at CEA/Saclay. and we seek to
compare the results, as far as possible, with those of
the ongoing NRC research program at the South
West Research Institute in San Antonio. Center for
Nuclear Waste Regulatory Analyses.

OS 1.0 1.5 20 as 30 35 40 45 fçj j

(MO"-*)

1.5

1 0

05

0.0

-OS

•1 0

•1 5 N

2.0

1.2

0.8

o.o

0 5 10 1.5 2.0 2.5 3 0 3 5 4 0 4 5 ( S ) 0 5 1.0 1.5 2 0 2.5 3 0 3 5 4 0 4 5 (S)

Figure 7: UDEC CODE. Example of result, a) Model for the study of the behavior of the fracture, b) Seismic
signal applied at the base of the model. Venical axis: velocity in m/s in the horizontal direction, c) Time variations
of the normal component of the displacement for points A. B and C of the fracture, d) Time variations of the
tangential component of the displacement for points A. B and C of the fracture. In 1S.
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STABILITY OF
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1
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GROUNDWATER SYSTEM

I
PERFORMANCE ASSESSMENT

Figure X: IPSN RESEARCH PROGRAM ON THE STABILITY OF THE BASEMENT for the safety evaluation
of radwaste disposal in deep geological formations.

Another important effect could be
"poroelasticity": stress variations induce variations
in the volume of the pores of the medium,
subsequent variations in the pressure in the pores
and variations in water levels.

The chan on Figure 8 recalls the logical
framework of the different steps of the overall
program leading from the geological and
seismotecionic studies to the assessment of the
consequences on the safety of a repository in a deep
geological formation: geological and seismoiectonic

studies of the site, including the stress field, the
fracture pattern, research on the eanhquake(s) to be
taken into account, especially studies on the
maximum earthquake, characterization of the motion
at depth (acquisition of data, theoretical simulation),
deformation around the fault and stress variations,
and. finally, consequences on the fluid circulation
through observations and numerical modeling.
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V. CONCLUSION

If we are to exclude all sites exposed to significant
seismic activity and thus obviate the possibility of
radical changes in hydrology and surface
morphology, as well as disruptive effects on the
repository, we must address the issue of the
consequences of an earthquake, either distant from
the site or close to it. and over a very long time
span, mainly on the hydrogeologic system. Most of
the necessary studies are still in a generic phase;
some aspects, however, are tributary at different
scales, to the site characteristics (e.g. the conceptual
model of the fracturing) and great care should be
taken in the investigation of the fracture panem and
in the long-term monitoring of earthquake activity
by means of seismic recording arrays set up around
the site at as early a stage as possible. The
mechanical and hydromechanical modeling should
be iterative through all the steps of the elaboration
of the safety assessment of the site and the
repository by means of a validation by laboratory
experiments, data acquisition at depth in mines,
boreholes, and site characterization. Finally, the
research should be broadened to the phenomena
depending on external geodynamics, such as glacial
isostasy. and to sedimentary rock settings, if these
apply to the site context.

In conclusion, all these questions are new,
difficult, and insufficiently documented. There is
therefore a necessity for an international cooperation
in this field of the assessment of the basement
instability effects on the safety of a deep geological
repository: we should share our results and our
observations, in order to achieve a better
understanding of this critical issue. It is our intent, at
the Protection and Nuclear Safety Institute, to put
this policy into practice, either through bilateral
agreements (particularly with the US Nuclear
Regulatory Commission. Japan and other countries)
or by the organization of (or the participation in)
appropriate workshops, such as the one recently held
on seismic hazard determination in areas with
moderate seismicity.19
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